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Preface

Dear Reader:

The second conference on Ionic Currents in Develop-
ment was held at the Marine Biological Laboratory here

in Woods Hole on 3-6 September 1988: moreover, like

the first one, it was (superbly!) organized by Richard

Nuccitelli. Many ofthe speakers kindly agreed to furnish

manuscripts covering their talks, and these are collected

in this supplement to The Biological Bulletin. This intro-

duction to it is intended to encourage you to read on; it

is not a judicious precis.

In my mind, the highlight of this second conference

on ionic currents was Woodruffs report that even a mol-

ecule as small as lucifer yellow can be electrophoresed
across the bridge between Drosophila oocytes and their

nurse cells. This finding considerably strengthens the

idea that self-electrophoresis plays a significant role in

establishing prepattern within eggs. It is true that Sun
and Wyman failed to confirm the consistent pattern of

extracellular currents previously reported around Dro-

sophila follicles (Jaffe and Overall, 1985). However, Ver-

achtert has recently confirmed direct microelectrode

measurements of a standing voltage difference between

the oocytes and nurse cells ofDrosophila and (even more

clearly) those ofSarcop/mga(VerachleTl, 1988). My own
view is that the negative results ofSun and Wyman result

from technical limitations. In this connection, two other

conference participants told us of other recent findings

that point toward transcytoplasmic self-electrophoresis

(in Xenopus eggs; cf. Levine el al, 1 988), or at least indi-

cate remarkably large steady transcytoplasmic voltage

gradients (in illuminated internodal cells ofChara Lu-

cas and Fisahn, unpub.).

A related, interesting, and continuing issue is just how

tight and how causal are the relationships between trans-

cytoplasmic ion currents on the one hand and patterns
of growth on the other. Gow presents evidence that pat-
terns of electrical or net charge current through some

fungal hyphae are only superficially related to their

growth patterns; however, patterns of specific ion flow,

as ofhydrogen ions or in other systems, calcium ions

may well be more tightly and indeed causally related to

growth localization. For this reason, the paper (in prog-

ress) by Kiihtreiber et al. on a calcium-specific vibrating

probe may presage a considerable deepening of our un-

derstanding of developmental currents. This is particu-

larly true because it should be only a short step from a

calcium-specific vibrating probe to a proton-specific one

and, indeed, to a whole line of ion-specific vibrating

probes. Even without a vibrating proton probe, there is

already evidence that proton currents are natural con-

trols of growth in several plant systems. One thinks, for

example, of Kropfs remarkable papers on fungal growth

(e.g.. Kropf, 1986); moreover Miller's paper in this vol-

ume provides further evidence for the role of proton cur-

rents in normal root growth. Bjorkman's effectively uses

a vibrating probe to further analyze graviperception in

roots while Hush and Overall provide evidence for the

role of proton (as well as calcium) currents in root wound

healing.

Another fresh approach to elucidating the role of intra-

cellular calcium gradients lies in the analysis oflong-term

responses to calcium buffer particularly BAPTA-type
buffer injections. I have contributed an interim report

on the "baptism" of fucoid eggs. This approach should

help answer important questions raised by Kropf as well

as by Brownlee about the exact role of calcium gradients

within developing fucoid eggs. Three other very interest-

ing systems where intracellular free calcium ion gradi-

ents may play a controlling role are growing pollen tubes,

the synapse-forming muscle cell and the developing mol-

lusc egg. Steer presents a very interesting review of cal-

cium control of pollen growth; Peng and Zhu tell us

more about postsynaptic differentiation while Zivkovic

and Dohmen report their latest findings on currents no
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doubt including calcium currents through developing

snail eggs. Lest we focus too much on calcium and hy-

drogen ion currents, we should also consider the interest-

ing report by Nawata el al. on the chloride-dominated

currents through regenerating Bryopsis cells.

Finally, I should note several papers that further ex-

plore the effects of imposed, steady, electrical fields on

cells: e.g., that of Nuccitelli and Smart on neural crest

migration, Stollberg and Fraser on the distribution of

surface molecules in muscle cells, and that of Ryan et al.

on such phenomena in tumor mast cells. Of course, such

steady field effects may involve the indirect effects of in-

duced intracellular calcium gradients as well as direct

electrophoretic and electrosmotic effects. In particular

the remarkable galvanotactic responses of neural crest

cells to voltage drops as small as 0.4 mV per cell are likely

to be mediated by local calcium ion influxes. Moreover,

such cellular responses to small fields may well occur

within whole organisms as well as in vitro. Chiang et al.

present a very interesting approach to the possible role

of skin wound fields in controlling wound healing.

Lionel Jaffe
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Calcium and Early Development in Fucoid Algae
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Abstract. Understanding the mechanism by which a

fertilized egg establishes an embryonic axis is of funda-

mental importance to the study of developmental biol-

ogy. Much ofwhat we have learned about axis formation

in plants derives from investigations of fucoid algae. In

this report I review the data concerning the role of Ca2+

in the early development of Fucus and Pe/vetia. The evi-

dence shows that Ca2+
plays an important role in germi-

nation and rhizoid growth, but its function in polariza-

tion remains uncertain.

Introduction

For over 1 00 years, brown algae of the order Fucales

have served as model organisms for investigations of

early development. The eggs of these algae are easily ob-

tained, are relatively large (70-90 ^m in diameter), and

develop synchronously in culture. These features pro-

vide a unique opportunity to study the earliest events in

plant zygotic embryogenesis. Fitcus and Pe/vetia are es-

pecially well suited for studies of the mechanism by

which environmental gradients impose polarity on fertil-

ized eggs. An egg, both before and soon after fertilization,

bears no developmental axis. Approximately halfway

through the first cell cycle the zygote acquires polarity

and a number of external vectors, most notably unilat-

eral light, can orient the polar axis. The newly formed

axis determines the site at which the rhizoid will emerge

from the cell body at germination. When zygotes are

photopolarized with unilateral light, rhizoids form on

the shaded hemisphere. The subsequent division is al-

ways perpendicular to the growth axis and delineates two

cells of very different developmental fates. The rhizoid

cell is the progenitor of the holdfast and the thallus cell

gives rise to the fronds. The first cell cycle takes about

one day to complete in Fucns.

Abbreviations: ASW. artificial seawater; EGTA, ethyleneglycol bis-

(fJ-armno-ethyl ether) N.N.N'.N'-tetraacetic acid.

In 1923, E. J. Lund showed that imposed electric cur-

rents can orient the developmental axis and the position

of rhizoid outgrowth in Fucus zygotes. More recent work

by L. F. Jarfe and his colleagues R. Nuccitelli and K. R.

Robinson has focused on an endogenous transcellular

ionic current which is generated shortly after fertilization

(for reviews see Jaffe, 1968; Jaffe et al, 1975). These in-

vestigations and others suggested that the essence of po-

larization is the establishment ofa transcellular Ca2+
cur-

rent and a cytoplasmic Ca
:+

gradient. However, we have

recently obtained evidence which does not support this

hypothesis. In this paper, I shall attempt to review briefly

the literature and to discuss our present state of knowl-

edge on the role ofCa2+
in fucoid embryogenesis.

Results and Discussion

Defining the stages ofearly development

Following fertilization of a fucoid egg it is useful to

define carefully each stage of early development so that

the role of Ca2+
in sequential events can be evaluated.

For example, polarization is the process by which zygotes

acquire a developmental axis. It can be further subdi-

vided into two events, axis formation and axis fixation.

Axis formation occurs from 5 to 9 h post-fertilization

when Fucus zygotes are exposed to unilateral light

(Kropf et al.. 1989). This initial polar axis is labile and

can be reoriented by subsequent exposure to light vectors

from different directions (Quatrano, 1973; Nuccitelli,

1978). Between 8 and 12 h, the axis becomes irreversibly

fixed in space and can no longer be repositioned; this de-

notes axis fixation (Quatrano, 1973). Germination oc-

curs between 1 3 and 1 7 h in Fucus and marks the initia-

tion oftip growth. Pelvetia zygotes proceed through these

developmental stages somewhat more rapidly and ger-

minate between 9 and 12 h. It is important to note that

germination is an expression of the developmental axis,

but is not part of the polarization process. Polarization
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and germination can be separated temporally using su-

crose; zygotes form and fix an axis but cannot germinate

in ASW containing 240 mg/ml sucrose (Quatrano,

1973).

Germination and rhizoid elongation

The rhizoid that emerges from the zygote at germina-

tion elongates by tip growth. Evidence indicates that cal-

cium plays an important role in polarizing the extension

of most tip-growing cells, and fucoid embryos are no ex-

ception. EGTA buffers that reduce the free Ca:+ concen-

tration in ASW below 10~
6M completely block both ger-

mination and the elongation of preformed rhizoids, and

Ca2+ channel Mockers (La
3+

, verapamil, and D600) do

the same (Kropfand Quatrano, 1987). Measurements of

localized fluxes demonstrate preferential uptake of
45Ca2+

by rhizoids (Robinson and Jafte, 1975), and, not

surprisingly, Ca
2+

also accumulates in the apex ofemerg-

ing and elongating tips. This localization was initially de-

termined by low-temperature autoradiography (Jaffe et

al., 1975; Gilkey and Jaffe, 1976). More recently, using

Ca2+
-selective electrodes or quin-2 fluorescence. Brown-

lee and Wood (1986) found that the cytoplasmic Ca2+

concentration is nearly ten-fold greater in the apex than

in the subapical cytoplasm. When visualized by CTC
(chlorotetracycline) fluorescence, membrane-associated

Ca2+
is also found to be localized at the germination site

and in the apex of elongating tips (Kropf and Quatrano,

1987). Reductions in external Ca:+
that prevent tip elon-

gation eliminate the apical CTC staining, suggesting that

Ca:+
accumulation is required for sustained growth. Jaffe

has recently shown that the internal Ca:+
gradient is also

necessary for germination; BAPTA buffers inhibit the

initiation of tip growth, presumably by collapsing the cy-

toplasmic Ca
2+

gradient (pers. comm., Speksnijder et al.,

1989). Taken together, these data strongly support the

tenant that localized Ca2+
transport and accumulation

at the rhizoid site are essential for germination and tip

elongation.

Polarization

Recent models postulate that formation of the embry-
onic axis is tantamount to the establishment of a cy-

toplasmic Ca
2+

gradient (Quatrano et al., 1979; Brawley
and Robinson, 1 985). It is thought that one ofthe earliest

events is the redistribution of calcium channels such that

they are concentrated at the future rhizoid site. This

asymmetry establishes a Ca:+
current flowing into the

presumptive rhizoid and out ofthe remaining zygote sur-

face, which, in turn, gives rise to a cytoplasmic Ca
2+

gra-

dient oriented such that the more concentrated end re-

sides at the future rhizoid site. Supportive and detractory

evidence bearing on this hypothesis is analyzed below.

Axis fixation is postulated to involve localized metabolic

activation (Quatrano et a/.. 1979; Brawley and Robin-

son, 1985) and/or the formation of transmembrane

bridges ( Kropf et al., 1988). The involvement of Ca2+
in

axis fixation has not been investigated extensively; what

pertinent evidence there is is included in the following

discussion.

Nuccitelli (1978) found that a transcellular ionic cur-

rent begins to flow through the Pelvetia zygote during the

period of axis formation (6 h post-fertilization) and that

the site of inward current predicts the position of subse-

quent rhizoid outgrowth. Indirect evidence suggested

that part of this inward current is carried by Ca2+
. The

preferential uptake ofCa2+
into the presumptive rhizoid

site during axis formation, has been demonstrated di-

rectly. Robinson and Jaffe (197 5) measured
45Ca2+

fluxes

in the two hemispheres of fertilized eggs and found pref-

erential influx into the pre-rhizoid and preferential efflux

from the pre-thallus. This asymmetry in Ca2+
fluxes is

most intense 6 h post-fertilization, i.e., at the time of axis

formation, but remains throughout germination and rhi-

zoid elongation (see above). These results provide a

strong temporal correlation between calcium currents

and axis formation, but do not address the issue of

whether calcium is required for polarization.

One way to investigate calcium requirements is to re-

move calcium from the medium using EGTA buffers.

We have recently taken this approach in Fucus. When
cells were photopolarized in the presence of EGTA, well

over 80% of the zygotes were able to form and to fix an

axis in accordance with the light gradient even at extra-

cellular Ca2+
concentrations calculated to be as low as

10~' M (Kropf and Quatrano, 1987). Recall that tip

growth and CTC fluorescence are inhibited below 10~
6

M extracellular Ca2+
. Zygotes were also well polarized

when exposed to EGTA for 2.5 h prior to photopolariza-

tion. In this case, 78% of zygotes treated with ASW con-

taining 10~
8 M free Ca2+

, and 83% of zygotes in ASW
containing 10"

I0 A/freeCa2+ , formed axes in accordance

with the light vector and germinated on the shaded hemi-

sphere. Eighty-four percent of untreated controls were

polarized. Photopolarization in the presence of Ca2+
-

channel blockers also does not prevent axis formation or

fixation (Kropf and Quatrano, 1987). These results sug-

gest that Ca:+
influx is not required for axis formation.

If a cytoplasmic Ca
2+

gradient is essential for axis forma-

tion, the zygotes must be capable of using internal stores

(e.g.. mitochondria and endoplasmic reticulum) under

conditions ofCa2+
deprivation.

We have also studied the distribution of membrane-
associated calcium throughout early development in Fu-

cus using CTC. During axis formation and fixation,

membrane-associated Ca2+
is uniformly distributed

about the cell cortex (Kropf and Quatrano, 1987); not
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until germination does it accumulate at the rhizoid site.

However, this may only indicate that CTC fluorescence

does not reflect the pertinent Ca
:+

pool within the cell,

i.e., the free, cytoplasmic Ca
2+

. To date, other probes spe-

cific for cytoplasmic Ca
2+ have not been used to investi-

gate the Ca2+
distribution during axis formation in either

Fiicus or Pelvetin.

Externally imposed gradients have also been used to

investigate the role of Ca:+
in early development. Pel-

vetia zygotes grown in the presence ofa gradient ofCaCl :

or of the Ca24
-ionophore A23187 form rhizoids toward

the more concentrated end of the gradient (Robinson

and Jaffe, 1976; Robinson and Cone, 1980). This sug-

gests that an induced cytoplasmic Ca
2+

gradient is suffi-

cient to orient the axis. However, at least 1 5 other exter-

nal gradients also polarize fucoid zygotes (Jaffe, 1968).

In the context of ionic currents, I find it most intriguing

that zygotes germinate on the high side of imposed pH
and K" gradients (Jaffe, 1968), yet the role of these ions

in polarization has not been fully investigated. Whether

all the imposed gradients act via a common mechanism,

and whether that mechanism involves Ca2+
, is unclear.

In my opinion, the results discussed above do not pro-

vide a clear picture of the role of calcium in polarization.

A Ca2+
current begins to flow at the time of axis forma-

tion, but there is no direct evidence that an internal gra-

dient is generated. If a cytoplasmic gradient is essential

for axis formation, then zygotes must be able to establish

it in the absence of Ca2+
influx, and presumably in the

absence of a transcellular Ca2+
current. Although growth

in external Ca2+ and A23187 gradients can be expected

to generate cytoplasmic Ca2+
gradients, the significance

of the polarization induced under these conditions is

tempered by the observation that other ionic gradients

are also effective in polarizing zygotes. Interpretation of

the results is further complicated by the fact that much

of the electrophysiological data comes from investiga-

tions ofPelvetia. while studies of calcium requirements

have been done with Fiicus.

Future research

I believe that three lines of investigation should be pur-

sued to further our understanding of the role of Ca2+
in

axis formation:

( 1 ) Serious attempts must be made to measure the pu-

tative free, cytoplasmic Ca
:+

gradient during axis forma-

tion. Different techniques, including Ca
:+

-selective elec-

trodes, aequorin. and fluorescent probes should be used

so that the data can be compared and evaluated objec-

tively. If a gradient is detected, attempts should be made

to perturb it (perhaps using the BAPTA buffers Dr. Jaffe

is currently investigating) in order to understand its rela-

tionship to axis formation. These experiments must be

Cell Wall

(Fucoidin?)

LP

Membrane skeleton
ABPs

(Ca

Figure 1 . Model for axis fixation . A transmembrane bridge is local-

ized at the presumptive rhizoid site on the shaded hemisphere in unilat-

eral light. The direction of the light pulse is indicated by the arrow.

Microfilaments are envisioned to be linked to integral membrane pro-

teins via the membrane skeleton, which probably contains actin-bind-

ing proteins (ABPs). The integral membrane proteins associate with

cell wall constituents. Much of the bridge may be composed oflocalized

macromolecules. Microfilaments are localized in the rhizoid. as is the

cell wall polysaccharide fucoidin F2. The membrane-spanning mole-

cules may be Ca2+
channels, and these may also prove to be localized

in the presumptive rhizoid. Drawing is not to scale.

carefully designed to investigate axis formation as op-

posed to germination. It would also be informative to

determine whether the gradient can be generated under

conditions ofCa2+
deprivation.

(2) Much ofthe physiological information on early fu-

coid development has come from studies of Fuciis. The

transcellular current should be investigated during the

early stages of Fiicus development with the following

questions in mind. Does the current flow during axis for-

mation and does it precede and predict the site rhizoid

emergence? How similar are the early currents in Fucus

and Pelvetia^Does Ca2+
carry part of the early current?

Manipulating the current by ion substitution and other

procedures may provide important information that has

not been forthcoming in studies ofPelvetia.

(3) Polarization of the embryonic axis certainly in-

volves cytological and biochemical processes in addition

to the transcellular current. These events need to be more

fully investigated and the results integrated with the elec-

trophysiological data. For example, axis fixation requires

microfilaments (Quatrano, 1973) and cytological evi-

dence shows that microfilaments localize to the pre-

sumptive rhizoid during fixation in both Pelvetia and

Fn(Brawley and Robinson, 1985; Kropfetal. 1989).

Experiments utilizing cytochalasins suggest that the lo-

calization of the filaments is necessary for axis fixation

(Kropf el al. 1989). Cell wall is also required for fixation,

but not for formation, of the axis (Kropf el al., 1988).
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From these results we postulate that a localized trans-

membrane bridge from the microfilament cytoskeleton

to the cell wall at the presumptive rhizoid may denote

axis fixation (Fig. 1 ). Agents that perturb the organiza-

tion of either the actin filament network or the cell wall

would disrupt the bridge and block fixation, as observed.

Microfilaments are envisioned to be linked indirectly to

the plasma membrane via accessory proteins, such as ac-

tin-binding proteins. It is plausible that Ca:+
channels

become localized in the plasma membrane at the rhizoid

during axis formation (see above) and subsequently par-

ticipate in the bridge by binding the accessory proteins.
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Calcium Buffer Injections Arrest Fucoid Egg
Development by Suppressing Calcium Gradients
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, AND L. F. JAFFE4
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Abstract. The polarity of fucoid eggs is fixed when rhi-

zoidal growth starts. A steady flow of calcium ions into

the incipient tip is thought to establish a high calcium

zone, which is needed for tip formation and outgrowth.

To test this model, we injected six different BAPTA-type
calcium buffers into Pelvetia eggs at about 3 to 7 h before

outgrowth normally starts. Critical final cell concentra-

tion of each buffer proves to block outgrowth (as well as

cell division) for up to two weeks.

The critical inhibitory concentration falls as the cal-

cium dissociation constant, KD , rises (and the buffers

weaken) in the series of five buffers from 5,5' dimethyl-

bapta (KD = 0.4 nM) to 4,4' difluoro-bapta (KD = 5 pM)\
then finally rises again with the weakest buffer tested, 5,5'

methylnitro-bapta (KD = 60 nM). Thus calcium buffers

with a KD ofabout 5 pM prove most effective in blocking

development. The effects of injecting a buffer do not de-

pend upon the amount of coinjected calcium. .

To analyze these results, we imagine that each buffer

acts to facilitate free calcium diffusion and thus sup-

presses gradient formation. This model leads to an exact

equation and prediction of the concentrations of various

buffers needed to inhibit development. The data fit this

equation rather well if it is assumed that the free calcium

concentration in the incipient tip is normally kept at

about 10 tiM and thus far above the general cytosolic

level.

'
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Introduction

The localization of rhizoidal tip growth in the fucoid

egg is a prototype of the localization problem in cellular

development. The locus of tip growth can be determined

by a variety of external stimuli. These varied stimuli are

all thought to be amplified by the same positive feedback

loop. This inner loop includes an influx of calcium ions

into the nascent tip which, in turn, raises free calcium to

a level far above the general cytosolic one. The evidence

for this hypothesis is reviewed by Hepler and Wayne
(1985).

Recently, Brownlee and Wood (1986) used calcium

microelectrodes to measure a steady free calcium level of

about 3 fj.M within the growing tips of fucoid rhizoids

a level which is. indeed, far above the general cytosolic

one. Nevertheless, there has been little evidence of either

the existence or the need for a high calcium region in the

nascent or incipient tip except for the observation that

secretion (which is likely to be calcium-mediated) occurs

there (Peng and Jaffe. 1976; Schroter, 1978). Because of

this lack, the whole calcium hypothesis of tip localization

has been seriously questioned by Kropf and Quatrano

(1987).

Therefore, we reinvestigated the problem by injecting

fucoid eggs at a stage well before tip localization with var-

ious calcium buffers. Our purpose was neither to change
the free calcium level near the injection site nor to

change the average free calcium level within the whole

cytosol. Rather we aimed to inhibit the later develop-

ment of calcium gradients and particularly the later for-

mation of a high calcium region within the nascent tip.

If such a high calcium region does indeed form and is

needed, then appropriate buffer injections should block



10 J. E. SPEKSNIJDER ET AL.

tip formation. Here we report that microinjections of

critical final cell concentrations of BAPTA-type buffers

(Tsien, 1980) into Pelvetia eggs particularly 1 to 2 mM
dibromo BAPTA permanently arrest development.

Materials and Methods

Ripe thalli of Pelvetia fastigiata were collected near

Monterey, California. Gametes were obtained by expos-

ing the thalli to a dark pulse after a light period of about

12-18 h (Jaffe, 1954). The BAPTA-type buffers were ob-

tained from Molecular Probes.

At 5-9 h after fertilization, the eggs were injected via

the quantitative, low pressure method of Hiramoto as

described by Kiehart (1982). To minimize damage dur-

ing pipette withdrawal, the eggs' turgor was reduced dur-

ing injection by using seawater with 0.5 Af mannitol

added. Control eggs were injected with a background
medium containing 550 mAI mannitol. 200 mM KC1,

and 5 mM HEPES, pH 7.0. Injections of up to about

15% of the egg volume did not disturb development and

practically 1 00% ofthe injected controls developed as the

uninjected ones. The buffer solutions contained 4 to 40

mAl of BAPTA-type buffer and 0. 1 mole of CaCl : per
mole buffer except where counterindicated.

The final cytosolic concentrations of buffer were sepa-

rately calculated for each injected egg taking the volume

of injectate and egg into account and correcting for non-

cytosolic volume. The KD's or dissociation constants of

the BAPTA-type buffers were measured in 300 mM KC1
solutions since this approximates the ionic strength of

the cytosol. These values were taken from the unpub-
lished data of R. Pethig, R. Payne, T.-H. Chen, E. Adler,

and L. F. Jaffe.

Results

Qualitative observations

In control eggs cultured at 1 5C, germination (i.e., the

initiation of rhizoidal tip growth) begins at about 12 h.

In eggs injected with a critical final concentration of cal-

cium buffer and cultured under the same conditions, ger-

mination is grossly delayed or permanently inhibited.

Most of these arrested eggs remain dormant for one to

two weeks. During this period they neither resume devel-

opment nor die. In general, germination and division

were tightly coupled: all of the eggs that germinated also

divided: however, about 5 to 10% of those which failed

to germinate nevertheless divided once.

Above the critical inhibitory concentration, eggs died

within a day or two. Dead eggs were unmistakable on the

basis of a combination of gross mottling, a change in

color from olive green to brown, a gross layer of extracel-

lular exudate, and the presence of numerous motile bac-

teria and protozoa attracted to the corpse.

Below the critical inhibitory buffer level, eggs devel-

oped normally. For example, in one experiment about

half of the uninjected controls had begun apical differ-

entiation by 1 1 days as marked by the formation ofchar-

acteristic apical papillae; while one or two of four eggs

injected to reach 1 to 2 mM BAPTA had likewise formed

such papillae at this time.

Quantitative results

Figure 1 displays our main quantitative result. The
mean inhibitory cytosolic buffer level falls steadily from

6.8 1 .9 mM to 1 .2 0.5 mM as the buffer's KD rises

from 0.40 (iM (for 5,5' dimethyl BAPTA) to 6.3 ;uA/(for

4,4' difluoro-BAPTA); then rises back up to 4.0 0.3 nM
for a buffer (5,5' methylnitro BAPTA) with a KD of 60

/J.M. These inhibitory concentrations are quite critical.

Thus at day 2, half the eggs are dead at buffer concentra-

tions only about 20 to 30% higher than the mean inhibi-

tory ones.

Since the injections were done about 5 hours before

germination normally begins and since inhibition usu-

ally lasts for at least a week it seems evident that the in-

jected buffers do not work via their immediate effects on
free calcium concentrations. If they did act in this way,
their effects should depend upon the level of calcium in

the injectate. So we checked this conclusion by injecting

some eggs with media containing dibromo BAPTA with-

out added calcium and some with media containing one

mole of calcium per mole of the same buffer. We found

no significant difference between the effects of injecting

these two media and the main results of injecting this

same buffer containing 0. 1 mole of calcium per mole of

buffer.

Analysis

We reason that a mobile calcium buffer acts by facili-

tating the diffusion of calcium away from a needed point

of high calcium. The buffer does this by: ( 1 ) picking up
free calcium at the high end of a steady gradient, (2)

diffusing with its bound calcium to the low end where (3)

the calcium is released, and (4) then diffusing back to the

high end to pick up more calcium. This shuttle provides

an alternate route for the diffusion of calcium down a

gradient and thus effectively increases its diffusive mobil-

ity. Note that this cycle requires the buffer to be weak

enough to release calcium at the low end of the gradient

(step 3) as well as strong enough to pick it up at its high
end (step 1 ). Therefore, a buffer is expected to be most

effective when its KD matches the (average) calcium level

within the gradient. Injection of too strong a buffer with-
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Figure 1. Critical inhibitory buffer concentration versus buffer dissociation constant, KD . Each data

point is an average of the final cytosolic buffer concentrations within all (Pelretia) eggs that were still

ungermmated on day 2. except for those injected with the apparently somewhat unstable 4,4'-difluoro

BAPTA which were counted on day 1 . The solid line is calculated from equation ( 1 ) with r =
1 . C = 10

n.\I. DCa/DB
= 17; the dotted ones with C = 5 or 20 \iM. From work in progress. Fuller results, including

additional buffers, will be reported elsewhere.

out bound calcium will initially extract calcium from

sources within and without the cell; but thereafter it will

just sit. unable to release its bound calcium and will thus

remain inert as yolk.

Because of their very high reaction rates (Quasi el al.

1984), we assume that a BAPTA-type buffer is every-

where in near local equilibrium with free Ca2+
. We may

then ask how large the buffer-mediated or facilitated cal-

cium flux, J B . is between any two points as compared to

the direct flux, JCa , of free Ca++
. Presumably the buffer

will begin to effect the cell when these two fluxes become

comparable.

A quantitative analysis of this model (to be presented

elsewhere) yields the following equation:

= rC.(DCa/DB )-[(l +F)
2

/F] (1)

where:

B is the critical inhibitory buffer concentration;

r is JB/Jca at this concentration;

C is the average concentration of free Ca++ in the region

containing the gradient needed for development;

DCa and DB are the cytosolic diffusion constants offree

Ca++ and buffer, respectively; and

F = KD/C where KD is the buffer's cytosolic dissociation

constant.

In order to apply ( 1 ) to our data, we must assume that

the fucoid egg is in a relatively steady state, i.e., that the

free Ca:+
in the cytosol turns over many times during the

transitions considered. The following calculations indi-

cate that this is a safe assumption: Figure 3 of Robinson

and Jaffe (1975) indicates that the ungerminated Pelvetia

egg turns over its calcium at about .054 picomoles/h. The

total amount of free calcium in the cytosol may be rea-

sonably estimated to be about 0.3 tiM (Brownlee and

Wood, 1 986) times one third of the 400 pi egg volume or

1.2 X 10~
4
picomoles. Dividing this by the turnover rate

yields an estimated free calcium turnover time of only

8 s. The transitions involved in establishing a point of

outgrowth seem to be the order of an hour and thus

nearly a thousand times longer than this turnover time.

In order to apply ( 1 ), we must also estimate the ratio,

DCa/DB . DB is reported to be 3.9 X 10~
7 and 3.6 X 10~

7
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crrr/s for the BAPTA-type buffer, fura-2, within frog and

barnacle muscle, respectively (Timmerman and Ashley,

1986; Baylor and Hollingworth, 1988). These values of

DB average 3.8 X 1CT
7

cnr/s. DCa is reported to be 5.3

X 1(T
6 cm :

/s in Myxicola (worm) axoplasm and 7.5

X 10~
6 cm2

/s in unsupported aqueous media of similar

ionic strength (Donahue and Abercrombie, 1987;

Harned and Owen, 1958). The former figure was ob-

tained under conditions that clearly blocked active up-

take but may not have fully blocked passive binding. It

may therefore have somewhat underestimated the true

value. However, the latter figure should overestimate it

due to a lack of tortuosity. Hence we will use their aver-

age, 6.4 X 1(T
6
cnr/s. Thus our best estimate of the ratio

DCa/DB tobeputin(l)is6.4X 10~
6
/3.8 X 10~

7
or 17.

Finally, in Figure 1 we apply (1) to our data on the

further assumption that germination is about half inhib-

ited when the buffer-mediated and direct fluxes of Ca++

are equal, i.e., when r = 1. One sees a rather good fit of

(1) to the data if C, the (average) free Ca++
within the

imagined gradient, is taken to be about 10 ^M; but not

ifC is taken to be 5 or 20 \iM.

Discussion

Tip growth

Figure 1 shows a rather good fit of the data to equation

(1), which is obtained from our facilitated diffusion the-

ory. We take this as strong evidence that the theory is

essentially correct and that the nascent growth region

both contains and needs free calcium of the order of 10

iuMand thus far above the general cytosolic level.

This analysis then raises the question ofjust where the

inferred high calcium zone is within ungerminated eggs.

A number of considerations suggest that this high cal-

cium zone lies just below the plasma membrane of the

nascent tip. It is there that inflowing calcium first arrives.

It is there that secretion as well as further influx must be

controlled. It is there that (transient) high calcium occurs

in active neurons (Gorman et a/.. 1984; Simon and Lli-

nas, 1985). And it is there that Kropf and Quatrano

(1987) have seen strong chlorotetracycline fluorescence

in just germinated Pelvetia eggs (see their Fig. 2a). Chlo-

rotetracycline fluorescence is believed to indicate mem-
brane-bound rather than free calcium; however, fluo-

rescence from surface or near surface membranes may
well reflect high calcium within the subsurface space.

Cell division

With few exceptions, Pelvetia eggs that failed to germi-

nate likewise failed to divide; while those that did germi-

nate divided normally. There is no reason to believe that

the germination of fucoid eggs induces their division or

visa versa. Normally, they germinate long before they di-

vide; however, if germination is osmotically suppressed

with high sugar concentrations, they will nevertheless

undergo numerous divisions (Torrey and Galun, 1970).

We would therefore infer that injected BAPTA-type
buffers block cell division by blocking the formation of

some comparable high calcium region which is quite

separate from the one in either the nascent or active

growth tip.

Cell death

Why do eggs that are overloaded with calcium buffer

die in a day or two? We.would imagine that the same

reduction in subsurface calcium that blocks germination

also speeds calcium influx. If this accelerated influx ex-

ceeds the egg's ability to pump calcium out, the cell will

ultimately become overloaded with calcium and die of

calcium poisoning. This hypothesis is quite consistent

with what is known of calcium turnover in Pelvetia eggs.

Thus it can be calculated from the data of Allen et al.

(1972) that a Pelvetia egg contains a total of about 1.3

picomoles of intracellular calcium while we noted above

that this egg turns over its calcium at about .054 pico-

moles/h. The ratio yields a turnover time of about one

day. Moreover, acceleration of calcium influx by re-

duced subsurface calcium is a negative feedback mecha-

nism that would seem to be essential for calcium control

in almost any living cell and, in fact, is well known to

exist in a wide variety of cells (Eckert and Chad, 1984).

Broader implications

Our results provide considerable confidence that injec-

tions of BAPTA-type buffers, together with equation ( 1 ),

can effectively test for the actions of relatively steady free

calcium gradients within cells. Much as cytochalasin im-

mersal tests for the action of an actin cytoskeleton, so

"baptism" may test for the actions of steady calcium gra-

dients.

Most buffer injection studies have been effectively de-

signed to immediately reset the calcium level (e.g.. see

Gilkey, 1983). However, we would note one interesting

exception which our facilitated diffusion theory may illu-

minate: Twigg et til. (1988) recently reported that injec-

tion of BAPTA into sea urchin eggs to reach
"

1 .8 mAf
blocks nuclear envelope breakdown in half of the in-

jected eggs. Since this process would normally have oc-

curred about 45 min after injection, a steady state analy-

sis may well be applicable. These authors did not correct

their 1.8 mM buffer figure for either noncytosolic vol-

ume or for inert impurities in the buffer. When this is

done, one finally obtains a half inhibition value of about
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4 mAl BAPTA for nuclear envelope breakdown in sea

urchin eggs. This figure is obviously within experimental

error of the 4.4 1 .3 mAI figure we find for the arrest of

tip growth and cell division of BAPTA in fucoid eggs.

We would therefore propose that the peak inner calcium

level needed to support nuclear envelope breakdown in

sea urchin eggs is likewise about
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Visualizing Cytoplasmic Calcium in Polarizing Zygotes
and Growing Rhizoids of Fucus Serratus

COLIN BROWNLEE
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Abstract. Evidence for spatial variations in cytoplas-

mic free Ca:+
in tip-growing cells is briefly summarized.

Methods are described for detecting such gradients using

fura-2 with dual wavelength excitation fluorescence mi-

croscopy. Results so far indicate that gradients of Ca2+

are present in growing rhizoid cells but physiologically

significant gradients have not yet been detected in the

early stages of polarization.

Introduction

The Fucus zygote is an especially valuable organism
for the study of the cellular events involved in the forma-

tion of a highly polarized structure from a non-polarized

egg. The way in which factors such as light and external

ionic gradients interact with the receptor mechanisms to

dictate the axis of polarity and the direction ofgrowth of

the rhizoid cell are equally interesting. Based mainly on

measurements of electrical current entry into cells using

the vibrating probe, the role ofan inwardly directed Ca2+

current leading to the establishment ofa gradient ofCa2+

has been postulated (e.g., Jaffe and Nuccitelli. 1977;

Robinson and Cone 1980; Jaffe, 1986). The realization

that free cytosolic Ca
2+

is an important second messen-

ger and regulator of cell functions has given new signifi-

cance to this hypothesis.

Two distinct processes in the development of polarity

in Fucus are beginning to emerge, namely the acquisition

of a polar axis and the growth of the rhizoid cell associ-

ated with germination (see report by Kropf, this volume).
The involvement of Ca2+

in germination and rhizoid

growth is becoming clear. This process is calcium-depen-

dent. Removing Ca
2+ from the external medium or incu-

bating zygotes in the presence of Ca2+
channel blockers

inhibits rhizoid growth (Kropf and Quatrano, 1987). In-

direct evidence for a gradient of free cytosolic Ca2+
in

germinating zygotes has been provided by the use of
45Ca

autoradiography (Gilkey and Jaffe, 1976) and chloro-

tetracycline (Kropf and Quatrano, 1987). While these

studies showed that total and membrane-bound Ca2+

were elevated in the growing rhizoid tip, it is difficult to

assign a physiological function to such gradients. Using
Ca2+

-selective electrodes, elevated levels of free Ca2+

were detected in the rhizoid tips of 2-3 day old Fucus

serratus zygotes (Brownlee and Wood, 1 986). The role of

Ca2+
in the fixation of the polar axis of recently fertilized

zygotes is less clear. Axis formation has been demon-
strated in the absence of external Ca2+ and in the pres-

ence of Ca:+
channel blockers (Kropf and Quatrano,

1987). This may mean that the mechanism by which the

Ca2+
channel gradient is established is Ca2+

-indepen-

dent. This mechanism is likely to be membrane-associ-

ated since the actions of the variety of agents known to

induce polarity (e.g., light, external ionic and ionophore

gradients) can only reasonably be explained in terms of

their interaction with the cell membrane. The simplest

mechanism involves the asymmetric insertion or activa-

tion of (Ca
2+

?) channels at the site of future rhizoid out-

growth. It is important to know at what stage a cytosolic

Ca2+
gradient can be detected and how this relates tem-

porally to the fixation of the polar axis, i.e., is a Ca2+
gra-

dient the result ofasymmetric channel activity or does it

preceed it?

This report summarizes evidence for cytosolic Ca2+

14
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Figure 1. Schematic diagram of polarizing fucus zygote showing

method of excitation of fluorescentlv labelled cell.

gradients in polarized and polarizing zygotes using the

fluorescent Ca2+
indicator fura-2. The spectral properties

of fura-2 are such that the ratio of fluorescence following

excitation with 350 (or 360) and 385 nm light is calcium-

dependent. (Grynkievicz el al, 1985; Tsien el ai. 1985;

Cobbold and Rink. 1987).

Materials and Methods

Zygote growth and dye loading

Zygotes of Fucus serratus could not be loaded with

fura-2 acetoxymethyl ester. Fura-2 free acid was injected

iontophoretically via an intracellular electrode contain-

ing 1 mA/ fura-2 pentapotassium salt (Molecular Probes,

Oregon) in distilled water (Brownlee and Pulsford,

1988). Tips of filamented microelectrodes were filled

with fura-2 by briefly dipping the back end of the elec-

trode in solution. A silver/silver chloride wire was in-

serted into the electrode. It was not necessary to backfill

with electrolyte to achieve electrical contact. For injec-

tion of growing rhizoids, zygotes were germinated in fil-

tered seawater on coverslips for two days in unilateral

light. Microelectrodes were inserted from above by bend-

ing the electrode tips by 90. Recently fertilized eggs and

polarizing zygotes were held in 1% seawater agarose (ul-

tra-low melting point. Sigma, U. K.) in unilateral light

for varying periods prior to microinjection. M-tcroinjec-

tion of polarizing zygotes was more difficult than grow-

ing rhizoids, apparently due to their lower turgor and

thicker cell wall. Zygotes were held with a suction pi-

pette during microinjection. Cells were observed during

microinjection with a X20 long working distance objec-

tive.

Fluorescence microscopy and image analysis

Fluorescence ratio images of growing rhizoids loaded

with fura-2 and excited with 350 and 385 nm light were

obtained as described in Brownlee and Pulsford ( 1988),

using a Kontron (W. Germany) image analyzer. For de-

tection of spatial variations in Ca2+
in recently fertilized

polarizing zygotes. cells were observed with a modified

M2 micromanipulation microscope (Microinstruments,

U. K.), using a X40 water immersion objective (Zeiss,

W. Germany). Excitation was provided from a 1 50-watt

xenon lamp source via a fluid light guide (Microinstru-

ments, U. K.) into the fluorescence port of the micro-

scope. Light (360 and 385 nm) was obtained with inter-

ference filters (Haling Electrooptics, U. K.) held in a ro-

tating disc in front of the light source. This was driven

by a stepper motor controlled by a BBC microcomputer.
Excitation light could be reduced to a 10-jum diameter

spot using an iris diaphragm (Fig. 1). Emission at 510 nm
was monitored with a photomultiplier tube (PM 9924B,

EMI, U.K.).

Autofluorescence subtraction and 360/385 nm signal

ratios were performed automatically by the microcom-

puter. Filters were alternated to give one ratio per sec-

ond. By slowly moving the cell across the excitation

beam, a profile of 360/385 nm ratio could be obtained.

Alternatively, selected areas of the cell could be observed

for varying times. Using this method of fluorescence

measurement, Ca:+
data could be obtained with very low

dye loading. This is desirable since fura-2 is known to

chelate Ca:+ and high intracellular concentrations may
dissipate any small gradients in the cell. Sufficient dye
could be loaded into the cell after iontophoresing for

only 30 s [cf. 3-5 min for imaging with an image-intensi-

fied TV camera (Brownlee and Pulsford, 1988)].

Results

Figure 2 shows a 350/385 nm ratio image of a fura-2-

loaded rhizoid ofFUCKS serratus. Brighter areas represent

higher Ca
2+

levels. Ca:+
is elevated at the growing rhizoid

tip. A full account of these experiments is given in

Brownlee and Pulsford ( 1988). In summary, work with

Figure 2. 350/385 nm ratio image of a fura-2-loaded rhizoid cell.

Bar = lO^m.
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growing rhizoids has shown the following: (a) higher
fura-2-visualized Ca2+

levels occur in about 50-60% of

rhizoids so far studied, (b) Considerable variation in the

pattern of Ca:+
distribution has been observed, (c) Vera-

pamil reduced but did not abolish the magnitude of the

gradient, though no effect could be observed with nifedi-

pine. (d) Permeabilizing the cell by removing external

Ca2+
via EGTA resulted in a loss of fura-2 from the cy-

toplasmic compartment, leaving a very low fluorescence

in the (presumably) vacuolar compartment and perhaps

allowing an assessment ofthe degree ofdye sequestration

by vesicles and vacuoles.

Figure 3 shows representative preliminary data for

360/385-nm ratio profiles taken across polarizing zy-

gotes in unilateral light, 5 and 7 hours after fertilization

as described in Materials and Methods. There is evidence
from both profiles that Ca2+

is very slightly elevated at

the shaded side of the zygote. However, the difference in

terms of [Crr
+

] concentration is very small. A provi-
sional estimate based on /'// vitro calibration curves indi-

cates that this difference is less than 100 nM

Discussion

Work with C
f

electrodes and fluorescent indicators

(Brownlee and \
. 1986; Brownlee and Pulsford,

1987) suggests UK wing rhizoid cell ofFucus ser-

raius has elevated ie\ e cytoplasmic Ca
2+

at the

cell apex. There is also , -nee from work using the

fluorescent indicator quin-2 with pollen tubes that Ca2+

is elevated at the apex (Nobiling and Reiss, 1987). How-
ever, we have not observed any significant Ca

2+
gradients

in growing tomato root hairs (Clarkson el at., \ 988). This

is perhaps not surprising since these cells show very vig-

orous cytoplasmic streaming which would tend to dissi-

pate any Ca2+
gradient. The spatial resolution of our

measuring system was not sufficient to detect any ele-

vated Ca2+
in the apical one or two nm of the hair.

The very limited evidence so far available suggests that

a physiologically significant gradient ofcytoplasmic Ca
2+

is not detectable up to 7 h after the onset of a polarizing

stimulus, though slightly elevated levels are detectable at

the shaded side of the zygote. It is possible that there is

a highly localized region of elevated Ca2+
immediately

adjacent to the membrane- on the shaded side that is not

resolved by our measuring system. Clearly, a very de-

tailed time course needs to be carried out for up to 12

h after fertilization, when axis fixation is complete and

germination begins. This needs to be coupled with infor-

mation on the precise time of axis fixation (Kropf and

Quatrano, 1987). More information is urgently needed
on the changes in ultrastructure and membrane proper-
ties during axis fixation. Information gained from other

methods of measuring cytoplasmic Ca2+
will be very

valuable, particularly via the use of aequorin. Aequorin
has the advantage that it does not partition into subcellu-

lar compartments. The fairly large and spherical nature

of the Fucus zygote imposes limits on the degree of spa-
tial resolution of fluorescence signals due to interference

from surrounding regions. It is hoped that advances in

confocal microscopy may in the future circumvent some
of these problems.

While the data obtained so far are insufficient to allow

us to make any firm conclusions, they are consistent with

the hypothesis that polarization involves the incorpora-
tion of Ca2+

channels into the shaded side of the mem-
brane (Kropf?/ ai. 1988) and that this is not dependent
on the presence of a significant Ca

2+
gradient. The slight

differences in [Ca
2+

] observed here may reflect the grad-
ual incorporation of such channels.
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Abstract. The role of calcium in pollen tube tip growth

is reviewed. Calcium ions are essential for growth, but

are inhibitory at high concentrations (above c. 1CT
2
M).

Calcium intake is limited to the growing tip. and the in-

ward flux ofcalcium appears to establish an ionic current

within the surrounding medium. Cellular transport of

calcium is reviewed against a background of the func-

tional requirements for calcium ions. It is concluded that

calcium-induced polarized tip growth depends on a dual

control system; ( 1 ) intake through spatially localized cal-

cium ion channels coupled with (2) cytoplasmic seques-

tration and transport from the tip region in organelles.

This system maintains conditions appropriate for di-

rected activity ofthe cytoskeleton and subsequent vesicle

fusion at the growing tip.

Introduction

Pollen grains of many plant species germinate when

placed in an artificial medium forming a pollen tube that

extends by tip growth. Apart from non-permeant solutes

(sucrose, polyethylene glycol. etc.), the medium need

only contain the mineral ions ofpotassium, calcium, and

borate with appropriate anions such as phosphate and

nitrate or chlorine. The requirement for calcium is abso-

lute, with growth only possible over a 1 000-fold concen-

tration range centered at about 5 x 10~
4
A/ [Ca

2+
] (Pic-

ton and Steer, 1983). Calcium enters at the tip of the

tube, with other positive ions, mainly protons, leaving at

the basal region (Weisenseel et ul.. 1975).

Pollen tubes grown on such media exhibit an internal

calcium gradient that ranges from high levels just behind

the tip to low levels at the base, as measured by a variety

of techniques. The gradients have been recorded as total

(Reiss et a/.. 1985), soluble cytoplasmic (Reiss and Nobi-

ling, 1986), and membrane-associated calcium (Reiss

and Herth, 1978). The Ca2+
gradients in all cases appear

smooth, rather than stepped, with a sharp decline near

the tip followed by a more gradual falling off towards the

base.

Structurally, the tubes also exhibit a gradient of organ-

elles. but this gradient is marked by sharply contrasted

boundaries. A vesicle-rich zone at the tip is followed by

a narrow band of mitochondria (Reiss and Herth, 1979).

Behind this band the main part of the tube is occupied

by streaming cytoplasm which is rich in the entire spec-

trum of organelles normally found in a plant cell.

The growth process ensures that new plasma mem-
brane and carbohydrate wall components are added to

the tip of the growing tube from secretory vesicles in a

manner that results in the maintenance oftube diameter,

apex shape, cell wall thickness, and direction of growth.

This polarized growth process can be affected by a num-

ber of factors, that include interactions with calcium

ions. Since disruption of the normal regulated supply of

external calcium leads to immediate changes in the cal-

cium gradients, it is not clear at which level calcium oper-

ates to control growth.

A sudden increase in the external calcium concentra-

tion to supraoptimal levels, or the addition of the cal-

cium ionphore A23 1 87 in the presence of optimal exter-

nal calcium leads to the cessation of growth, but not wall

deposition so that continued secretion builds a much
thickened cell wall at the tip (Picton and Steer, 1983).

Conversely, depriving the cells of calcium or application

of the calcium-channel blocker nifedipine leads to a lo-

calized swelling at the tube tip (Reiss and Herth, 1985)

with a thinning of the cell wall (Steer, in prep.).

Pollen tube growth depends on a forward growth pro-

cess coupled with a restriction of lateral cell expansion so

that a tube of more or less constant diameter is formed.

The observed interactions between tip growth and vari-

ous external conditions described above do not immedi-

ately lead to an understanding of the role of calcium in

tip growth. This is because it is not possible to isolate

the act of inflowing Ca
:+

current through the membrane

18
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from ( 1 ) the action of calcium on the immediate apical

cytoplasmic environment and (2) from the cytoplasmic

calcium transport system that establishes the observed

internal gradient. All three factors (point of calcium en-

try, internal calcium gradient, local secretion of wall ma-

terial) have been proposed, at one time or another, to

be the decisive determinant of the polarized tip growth

system (Sievers and Schnepf, 1981; Schnepf. 1986).

Calcium-Cell Wall Interaction

Calcium could control the tip extension process by sta-

bilizing new cell wall components released from a local-

ized part of the cell surface (Heslop-Harrison, 1987). In-

ternal turgor pressure would cause expansion of the cell

surface immediately beneath the newly secreted polymer

(Sievers and Schnepf, 1981). Current information sug-

gests that calcium binds with the cell wall components
over a much lower range of calcium concentrations

(10~
6-10~ 3 M) than that which affects tube growth rate

(Baydoun and Brett, 1984). The reduction in growth rate

with increasing external calcium ion concentration can-

not then be ascribed to a wall-stiffening process prevent-

ing expansion. Further, the wall polymers released from

secretory vesicles may already be saturated with calcium

ions(Jafferta/.. 1975; Heslop-Harrison etal., 1985;Dor-

meretal.. 1987; Johnson, 1988).

Calcium-Vesicle Fusion Interaction

Calcium is required as one of the mediators of the pro-

cess of vesicle fusion with the plasma membrane (Gom-

perts, 1987). The cytoplasmic calcium concentration ap-

pears to be regulated by the entry of external calcium

ions through calcium channels in the plasma membrane

(Reissand Herth. 1985), although it is possible that exist-

ing calcium within the cell could facilitate the process of

vesicle fusion. Polarized growth could then be achieved

by restricting the calcium ion channels to a particular

part of the cell surface. This part would then receive all

the vesicles that would concentrate supply of new mem-
brane and wall material at that point. Once established,

such a polarity could be maintained by ensuring that the

calcium channels had a relatively short functional life-

time and that vesicle membranes always contained new.

active calcium channels. In this way membrane dis-

placed laterally from the fusion area would not possess

calcium channels, could not serve as fusion sites for vesi-

cles, and thus would not expand the vesicle fusion site.

Only the growth area itself would be capable of support-

ing new vesicle fusion events initiated by calcium arriv-

ing via the newly acquired calcium channels in its plasma
membrane.

While this is an attractive idea it does not account for

growth inhibition at high external calcium ion concen-

trations (Picton and Steer, 1983). This inhibition ofelon-

gation is not accompanied by a cessation of vesicle fu-

sion. Indeed vesicles continue to fuse, at least for a few

minutes, building up a thickened cell wall at the tip.

Calcium-Cytoskeleton Interaction

Studies on cytoplasmic cellular locomotion of animal

and fungal cells from a range of multicellular and single-

celled systems have demonstrated that the cytoskeleton

is active in bringing about movement. This 'amoeboid

movement' is strongly dependent on local calcium ion

concentrations. The optimum calcium level allows a

meshwork structure to actively move the whole cytoplas-

mic gel in relation to its substrate. Supra- and suboptimal
concentrations can inhibit movement. The range of ex-

ternal calcium levels able to support growth in pollen

tubes does not appear to be inconsistent with the range

of external calcium concentrations affecting amoeboid

movement. This process could therefore explain the in-

teraction between external calcium and tube growth rate,

but it cannot explain the growth polarity ofthe tube (Pic-

ton and Steer, 1982).

The local calcium ion concentration around the cy-

toskeleton is mediated by organelles that also transport

the calcium in a basal direction. There are some indica-

tions that the mitochondria! zone may serve as a prime
sink for the incoming calcium from the cell surface (Pic-

ton and Steer. 1985), though the endoplasmic reticulum

has also been suggested to fill this role (Herth, pers.

comm.). Excessive external calcium ion concentrations

lead to large fluxes across the plasma membrane which

could exceed the uptake capacity of these organelle sys-

tems, so that growth ceases (Picton and Steer, 1 985). This

constant intake and sequestering of calcium ions estab-

lishes a calcium ion gradient within the apical cytoplasm
and on into the tube (Reiss et a/., 1985). It may also be

responsible for the observed external calcium ion current

(Weisenseelrta/., 1975).

Calcium Control of Pollen Tube Polarity

and Tip Growth

The polarized growth of a pollen tube appears to result

from a combination of calcium-dependent processes.

The existence of positive feedback loops in the calcium-

entry/vesicle-fusion system facilitates focusing of the

growth processes to a single site on the cell surface. The

incoming calcium at this site is effective in mobilizing the

underlying cytoskeleton, promoting the forward growth

process beneath the fusion site. The calcium-sequester-

ing organelles establish a gradient ofcalcium ion concen-

tration from the plasma membrane to the organelle

membrane. This gradient is optimal for cytoskeleton ac-

tivity, which moves the cell surface forward. The secre-



20 M. W. STEER

tory vesicles maintain the supply of new plasma mem-

brane, new calcium ion channels, and new cell wall ma-

terial to the expanding surface. The organelle system

transports the calcium basally . probably by moving calci-

um-loaded organelles by cytoplasmic streaming, estab-

lishing a tip-to-base gradient. Mitochondrial activity in

living pollen tubes is consistent with this role (Steer and

Steer, 1989). The growth form is thus automatically tu-

bular in the case of pollen tubes with a single area of

membrane acting as a vesicle fusion site. Note that other

forms could be generated by specifying more spatially

distinct sites of calcium ion entry (Sievers and Schnepf,

1981;Schnepf, 1986).

The presence of a physical barrier to calcium ion ac-

cess to the plasma membrane outer surface will assist the

polarization process. Hence porate pollen grains can be

regarded as more advanced, physiologically, than colpate

pollen grains. The latter admit external calcium over a

wide arc and permit the initial growth phase to occur as

a bulge, rather than a tube. This early growth phase is

exaggerated by the application of nifedipine, a calcium

channel blocker, which forestalls the development of a

preferred fusion site, and hence the formation of a nor-

mal tube (Reiss and Herth, 1985).

In summary, it is proposed that an ionic current of

calcium ions enters at the pollen tube tip as a result of

the localized positioning of calcium ion channels in the

plasma membrane by secretory vesicle fusion at the tube

apex. These processes create optimal conditions for

growth mediated by the cytoskeleton at the calcium ion-

entry site.
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Abstract. The activating hamster egg shows a series of

periodic increases in intracellular free calcium concen-

tration ([Ca
2

^],) (Igusa and Miyazaki, 1986). The spatial

distribution of the Ca:+
transients can be analyzed in sin-

gle, aequorin-injected eggs by the photon-counting im-

aging method with a supersensitive TV camera system

(Miyazaki et a/., 1986). A propagating increase in [Ca
2+

]j

is observed in the first response, starting from the sperm
attachment site and spreading over the entire egg within

4-7 s. The Ca wave is repeated in the second and some-

times the third response, starting from the same focus,

but spreading more rapidly (~2 s). In subsequent re-

sponses, [Ca
2+

]j increases synchronously in the whole egg
within 1 s.

A Ca:+
transient is induced in an all-or-none fashion

by injection ofeither inositol 1,4,5-trisphosphate (IP3 ) or

Ca2+
ions into unfertilized eggs. The Ca

:+
transient is due

to release of Ca:+ from intracellular stores, and it is fol-

lowed by a refractory period of 60- 1 20 s. Injection of

guanosine-5'-0-(3-thiotriphosphate) (GT?7S) causes a

series of Ca2+
transients with a pattern similar to that

upon insemination, but with remarkable attenuation of

the [Ca
:+

],
rise after 2-3 responses. Signal transduction

involving activation of a GTP-binding protein and IPr
and/or Ca

2+
-induced Ca:+

release is considered to be re-

sponsible for the repeated Ca
2+

transients.

Introduction

It is well known that a dramatic, transient increase in

[Ca
2
^], occurs at the early stage of fertilization in various

eggs. The biological significance of the Ca transient is to

induce cortical granule exocytosis for polyspermy block

and possibly to trigger other events at egg activation

(Jaffe, 1985). In the sea urchin egg, the Ca2+
transient

has been shown to be related to the increase in oxygen

consumption and activation of NAD kinase (Epel,

1978). Gilkey et al. (1978) visualized the Ca transient in

the medaka Oryiias latipes egg, using the Ca-dependent

photoprotein. aequorin. They showed a Ca wave starting

from the sperm attachment site and traveling across the

egg cytoplasm. Recent development of the photon-

counting imaging method enabled us to record photon-
limited events and to analyze the distribution of Ca2+-

aequorin luminescence in single smaller eggs. As to the

signal transduction of sperm-egg interaction causing the

Ca2+
transient, recent studies of the sea urchin egg have

shown the involvement ofthe activation ofGTP-binding

protein and polyphosphoinositide turnover (Turner et

al., 1986). Here. I shall describe repeated Ca
2+

transients

in the activating hamster egg and their spatial distribu-

tion in the egg cytoplasm. Then, I shall discuss the under-

lying mechanism in relation to the findings upon injec-

tion of IP3 , Ca2+
, and GTPiS.

Materials and Methods

Mature eggs obtained from superovulated female

golden hamsters were freed from the zona pellucida by

trypsin treatment. The diameter of the egg is about 72

fim. Eggs were injected with 20 pi of aequorin solution

(9.6 mg/ml) and then inseminated by capacitated and

acrosome-reacted sperm. Aequorin luminescence com-

ing from the egg under the microscope was intensified by

two-dimensionally arranged photon-counting tubes and

visualized as light spots appearing momentarily on the

TV screen (supersensitive TV camera system, Hama-
matsu Photonics, C 1966-20). The video-recorded raw

image of the light spots was processed by the attached

image processor using facilities such as continuous accu-

mulation (accumulation of all light spots during a Ca2+

transient) or sequential accumulation (accumulation at

every '/s to 1 s interval). The video-recorded, processed

image was played back, and video frames were stopped

one by one and then photographed at the desired mo-
ment (see Miyazaki et al.. 1986, for details).
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In different experiments, IP, and guanine nucleotides

were microinjected into unfertilized eggs by pressure or

iontophoretically by current pulses, while Ca2+
tran-

sients were monitored by aequorin luminescence and/

or by the hyperpolarizing response (HR) in membrane

potential which is mediated by a Ca-activated K conduc-

tance (see Miyazaki, 1988, for details).

Results

Zona-free hamster eggs always become polyspermic,

unless the number of applied sperm is specially limited.

When the egg was inseminated by a single sperm that was

applied near the egg through a glass capillary, the first

Ca2+
transient occurred at about the time when flagellar

motion of the sperm stopped, 10-30 s after the attach-

ment to the egg surface. The increase in [Ca
:+

], began
near the sperm attachment site and spread over the entire

egg within 4-7 s (Miyazaki el a!., 1986). The calculated

propagation velocity is 16-28 /um/s. if we assume that

the Ca2+ wave travels along the egg surface. The velocity

is more than 12 ^m/s in the medaka fish (Gilkey et ai,

1978) or 8-10 ^m/s in Xenopus (Busa and Nuccitelli.

1985). The [Ca
:+

], rise declined with almost even distri-

bution and ceased in 12-17 s. The spreading [Ca
21

],
rise

was repeated in the second and sometimes the third re-

sponse, starting from the same focus, but spreading more

rapidly (~2 s). In subsequent responses [Ca
2+

], increased

synchronously in the whole egg within 1 s.

When additional sperm attached to the egg after the

occurrence of the first response by the first sperm, the

spread of [Ca
2+

], rise could take place from near the site

of additional sperm attachment but only in the second

or third response (Miyazaki et a/., 1986). The multiple

foci for the initiation of [Ca
2+

](
rise were not observed in

responses following the third response, even when many
sperm attached to an egg. Thus, it seems that the first

2-3 Ca:+
transients are triggered by the attached sperm,

while subsequent ones are built up and repeated as the

characteristics of inseminated eggs.

In the sea urchin egg, microinjection of IP, results in

cortical granule exocytosis and fertilization membrane
elevation (Whitaker and Irvine, 1984; Turner et ai.

1986). When IP3 was injected into the unfertilized ham-
ster egg under pressure, it induced a Ca2+

transient with-

out measurable delay (Miyazaki, 1988). The [Ca
2+

], rise

spread throughout the egg within 1 s. The Ca:+
transient

was induced even in Ca-free medium, indicating that it

is due to Ca2+
release from intracellular stores. The mini-

mum effective concentration of IP3 was 2 nM in the egg

(assuming uniform distribution). When IP, was injected

repeatedly with incremental current pulses, a Ca2+
re-

lease was induced in an all-or-none fashion (Miyazaki
et ai. 1988). Once a Ca2+

release occurred, subsequent

injection of IP, with the same current pulse failed to gen-

erate the next Ca2+
transient for 60- 1 20 s: there is a tran-

sient refractory period. The critical injection current of

IP, for induction of a Ca:+
release became higher during

repeated injections.

In the hamster egg, a Ca2+
transient is reflected in the

hyperpolarizing response (HR) in membrane potential,

based on Ca-activated K channels (Miyazaki and Igusa,

1 982). Injection ofCa2+
into the unfertilized hamster egg

by current pulses induced a regenerative HR with an ap-

parent threshold (Igusa and Miyazaki, 1983). This re-

sponse was observed in Ca-free medium: the mechanism

of Ca-induced Ca release appears to exist.

There are a number of reports that phosphodiesterase,

which mediates the cleavage of phosphatidylinositol 4,5-

bisphosphate (PIP 2 ) into IP, and diacylglycerol, is acti-

vated by ligand-receptor binding by way of a GTP-bind-

ing protein (G protein) (Stryer and Bourne. 1986). To
activate a G protein, GTP7S, the hydrolysis-resistant an-

alog of GTP, is usually used. Microinjection of GTP-yS
into the unfertilized hamster egg by pressure caused a

Ca2+
transient with a delay of 160-200 s (Miyazaki,

1988). The minimum effective concentration was 12 ^M
in the egg. More than 50 ^/GTP-yS produced periodic

Ca2+
transients with an initial delay of25-40 s and inter-

vals of 45-60 s. This pattern of repeated Ca:+
transients

is similar to that induced by sperm. The difference is that

the Ca2+
transients induced by GTP-yS attenuated re-

markably after the second or third response while the

sperm-mediated Ca2+
transients do not. Analysis by ae-

quorin luminescence revealed that the first 2-3 [Ca
2 "

1

"];

rises upon injection of GT?7S covered the whole egg,

but succeeding responses attenuated to a localized

[Ca
2+

], rise. GTP^S could be injected repeatedly by cur-

rent pulses, but additional injections of GTP-yS by cur-

rent pulses did not compensate the attenuated Ca2+
tran-

sients.

Preinjection of guanosine-5'-0-(2-thiodiphosphate)

(GDP/iS) inhibited the occurrence of both GTP-induced

and sperm-mediated Ca2+
transients dose-dependently

at similar concentration ranges. Therefore, it is very

likely that the signal transduction of sperm-egg interac-

tion causing repetitive Ca
2+

transients involves a G pro-

tein-mediated process.

Discussion

The propagating Ca2+ wave in activating eggs was

found to occur in a mammal. The first Ca2+
transient in

activating hamster eggs is probably due to release ofCa2+

from intracellular stores, although it has not been con-

firmed because sperm-egg fusion does not occur in Ca-

free medium. Intracellular Ca2+
release was induced in

unfertilized hamster eggs by injection of either IP, or
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Ca2+
. IP, is thought to be the initial inducer of Ca2+

re-

lease near the sperm attachment site. The propagating

Ca2+
release could be successive local [Ca

2+
]j

rise based

on Ca-induced Ca release. Swann and Whitaker (1986)

proposed a recycling process in the sea urchin egg be-

tween Ca-stimulated production of IP, and IP,-induced

Ca release. The [Ca
2+

],
rise in hamster eggs upon injec-

tion of IP, or Ca:+
spread so quickly over the whole egg

that its propagation has not been clearly shown. More

controlled injection is necessary.

The increase in [Ca
2+

], should induce cortical granule

exocytosis. The material released from the cortical gran-

ules modifies the zona pellucida to become resistant for

sperm penetration (Yanagimachi, 1 977). This zona reac-

tion seems to be the main mechanism for polyspermy

block in the hamster egg. The electrical fast polyspermy

block found in other species (Jaffe and Cross, 1986)

seems to be unlikely, because sperm-egg fusion associ-

ated with the hyperpolarizing response could occur at

any membrane potential between -160 and +50 mV
(Miyazaki and Igusa, 1982).

The characteristic feature of the Ca2+
transient at fer-

tilization of hamster eggs is the repeated Ca
2+ wave in the

second and sometimes the third response. The second

and third responses are similar to the first one in the peak

[Ca
2+

]i (1-2 p.M. measured with Ca-sensitive microelec-

trodes. Igusa and Miyazaki, 1986), as well as propagating

increase of [Ca
:+

],. To generate repeated Ca
2+

transients,

persistent production of IP, seems to be necessary: a sin-

gle injection of IP, generated only one Ca2+
transient,

even if the concentration was raised (Miyazaki, 1988).

Injected IP, seems to be immediately turned over. Peri-

odic Ca2+
transients were produced when IP, was applied

continuously by leakage from an injection pipette with a

blunt tip (Miyazaki eta/., 1988).

IP3 is thought to be derived from polyphosphoinosi-

tide turnover. This process seems to be activated by a G
protein, as also demonstrated in the sea urchin egg

(Turner et a!.. 1986). It remains to be elucidated how the

G protein is activated by sperm-egg interaction. As to

the supposed G protein, both pertussis toxin and cholera

toxin neither stimulated nor inhibited the occurrence of

both GTP-induced and sperm-mediated [Ca
2+

]j rises

(Miyazaki, 1988).

Activating hamster eggs show further Ca:+
transients

following the third response at fairly constant intervals

of40-120 s. Even a single sperm is capable of producing

these multiple Ca
2+

transients, although the interval is a

little longer than that in the case of multiple sperm (Mi-

yazaki et a/.. 1986). The series ofCa2+
transients was re-

duced in frequency and eventually stopped after perfu-

sion of Ca-free medium (Igusa and Miyazaki, 1983).

Correspondingly, injection of GT?7S did not produce

the repetitive Ca
2+

transients in Ca-free medium, except

the first 1-2 responses (Miyazaki, 1988). Thus, the oc-

currence of repeated Ca2+
transients requires the pres-

ence of Ca2+
in the external medium. There is evidence

that each Ca2+
transient is due to intracellular Ca2+

re-

lease and external Ca2+
is necessary to reload intracellu-

lar Ca2+
stores by Ca:+

influx (Igusa and Miyazaki,

1983). The refractory period of Ca2+
release revealed by

injection of IP, or Ca2+
probably corresponds to the time

required for reloading the Ca stores.

Our findings thus far indicate continuous Ca2+
influx

across the plasma membrane in activating hamster eggs.

There seems to be a G protein-mediated process for ele-

vation of Ca2+
permeability in addition to the pathway

for production of IP3 and IP,-induced Ca
2+

release. The

factor responsible for activating Ca channels may be the

G protein itself, protein kinase C, or inositol 1,3,4,5-

tetrakisphosphate (IP4 ). Further study is necessary to

identify the factor.

GTP^S should activate the G protein persistently be-

cause of its hydrolysis resistance. Correspondingly, injec-

tion of GDP/3S interrupted the series of sperm-induced

Ca2+
transients (Miyazaki, 1988). Therefore, the series of

[Ca
2+

],
rises upon fertilization requires persistent activa-

tion, not transient activation as a trigger, of the G pro-

tein-mediated process. Thus, it is likely that IP, is pro-

duced persistently and it induces Ca2+
release from re-

loaded stores. On the other hand, GTP-yS-induced Ca2+

transients always attenuate to a localized [Ca
2+

], rise.

Upon insemination, additional factor(s) may be in-

volved in causing a synchronous Ca
2+

release throughout

the egg. Interestingly, the critical injection current of

Ca2+
to induce Ca2+

release decreases tenfold after in-

semination (Igusa and Miyazaki, 1983): apparently, in-

tracellular Ca2+
stores easily undergo Ca-induced Ca re-

lease.

Jaffe (1985) reviewed differences in the [Ca
2+

][ rise at

fertilization between deuterostome and protostome eggs.

He proposed the generalization that in deuterostome

eggs the [Ca
2+

],
rise is due to propagating release ofCa2+

from intracellular stores whereas in protostome eggs it is

due to continuous Ca2+
influx from external medium.

In this respect, the hamster egg is interesting, because it

includes both mechanisms, and furthermore, continu-

ous Ca:+
influx appears to be linked to intracellular Ca2+

release in reloading the stores. It is likely that the contin-

uous Ca2+
influx in protostome eggs is mediated by volt-

age-gated Ca channels, which are open during a sus-

tained depolarization, and that the long-lasting increase

in [Ca
2+

], is responsible for slow process of exocytosis

(Jaffe, 1985). In the hamster egg, since the series of Ca2+

transients occurs irrespective of depolarization (Miya-

zaki and Igusa, 1982), other kinds of Ca channels may
be activated by a G protein-mediated process. Exocytosis

is also slow in hamster eggs, lasting for about 5-15 min
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(Fukuda and Chang, 1978). The entire sperm, both head

and tail, is incorporated into the egg cytoplasm by fusion

of the sperm and egg membranes, taking a few hours.

The prolonged [Ca
2+

],
rise may be related to some activ-

ities of cytoskeletal systems.

The oscillatory or pulse-like repeated increase in

[Ca
:+

],
has been found in many different cell types and

it is thought to be important for understanding of the

relation between phosphoinositides and calcium signal-

ling (Berridge el al. 1988). The hamster egg is one of the

good models for the study of the movement ofCa2+
ions

in non-muscle cells.
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Abstract. We have used the three major techniques for

measuring cytoplasmic calcium concentration to quan-

tify calcium changes in a variety of cells during a number

of developmental processes. In this paper, we describe

our experiences with aequorin, calcium electrodes, and

fluorescent calcium indicators. The Xenopus oocyte is

used as the prime example throughout this discussion, as

we have done all three types ofmeasurements in oocytes.

Although each of these methods gives roughly the

same value for the cytoplasmic calcium concentration in

oocytes, each method has its own advantages and disad-

vantages when it comes to practical experiments. The

particular problems with each of the methods are dis-

cussed in detail. We conclude that the choice of method

depends on the type of information that is required. Cal-

cium electrodes are probably the most precise method

but are also the most technically difficult and only pro-

vide very localized measurements. Aequorin is quite

suitable when an overall average of calcium levels in a

cell is required but it is difficult to get good information

on the spatial distribution of calcium. Fluorescent indi-

cators are the most straightforward method to use and

provide much information about the spatial distribution

of calcium in cells as well as average levels in cell suspen-

sions, however they are the most difficult to calibrate.

Introduction

When studying the consequences or regulation of

steady ionic currents, the intracellular free calcium con-

centration ([Ca
2+

]j) is often an important cell parameter.

Various methods exist for measuring [Ca
:+

],, but all are

technically demanding and each has its own advantages

and disadvantages. The choice of a particular technique

for measuring [Ca
:+

],
in a specific cell depends on a num-

ber of factors. The ideal method should be non-invasive

in that it should not change the very parameter it is trying

to quantify. It should also have a lower detection limit of

1 nA/ or less with a desirable precision of at least 1

nA'I. However, when considering a technique for a spe-

cific application, other factors such as the cell's size and

shape, the complexity of the required equipment, cost

in both time and money, and the ease of calibrating the

measurements all become important.

There are few cell types that are suitable for all the

different methods, so there have been few direct compar-

isons ofthem in the same cells (e.g., Defeo and Morgan.

1986; David-Dufhilo et al.. 1988). We have employed
three of the most widely used techniques ion-specific

electrodes, aequorin, and fluorescent indicators to

measure calcium levels in a variety ofcell types including

Xenopus oocytes and larval sea lamprey spinal cord ax-

ons. Full details of the results obtained with electrodes

and aequorin in Xenopus oocytes have been published

(Robinson, 1985; Cork et al.. 1987), and numerous re-

search papers and reviews provide many theoretical and

practical details of each of the techniques (e.g.. Blinks et

al. . 1 982). In this report, we shall discuss the relative mer-

its of each of these techniques and, as all three methods

have been employed in Xenopus oocytes, the discussion

will concentrate on their use in oocytes; the results of the

measurements will be presented as an example.

Materials and Methods

Cells

Oocytes were obtained from pieces of ovary surgically

removed from mature Xenopus laevis females, anesthe-

tized by hypothermia. Stage VI oocytes (^ 1 .2 mm diam-

eter) were defolliculated manually with watchmaker's

25
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forceps and stored in O-R2 solution (Wallace et ai.

1973). The composition ofO-R2 is (in mM) NaCl 82.5,

KC1 2.5, CaCl2 1.0, MgCl, 1.0. Na,HPO4 , 1.0, HEPES

5.0, pH 7.6.

The entire brain and spinal cord of the larval sea lam-

prey, Petromvzon marinus, was removed and main-

tained in simple organ culture (Borgens el ai. 1980). The

naturally flattened spinal cord is about 700 /urn wide and

175 nm thick. The two Mauthner axons are 40 ^m in

diameter and were chosen for study because of their large

size and their consistent location in the lateral margins

of the spinal cord.

Co?*-sensitive microelectrodes

Ca2+
-sensitive microelectrodes were constructed using

the methods described by Tsien and Rink (1981), with

modifications by Busa and Nuccitelli (1985) and Robin-

son (1985). They were calibrated as described in Robin-

son (1985). The electrode tips were filled with a cocktail

based on the neutral carrier ETH 1001 (Fluka Chemical

Corporation, Hauppaunge, New York; Oehme el ai.

1976) and gelled with polyvinyl chloride. Micropipettes

were pulled from 1.5 mm o.d. aluminosilicate glass, and

the tips were broken to diameters of 1-2 ^m. Micropi-

pettes were then heated overnight at 225C and silaned

with trimethyl-(dimethyl-amino)-silane for 30 min at

225C. More reliable electrodes were obtained by having

a short column of ungelled sensor between the gelled sen-

sor in the microelectrode tip and the pCa 6 solution in

the rest of the microelectrode.

Microinjection

Defolliculated oocytes were transferred to Ca-free O-

R2 for microinjection. Microinjection pipettes were

pulled from 1.5-mm diameter capillaries with fibers

(World Precision Instruments, New Haven, Connecti-

cut), the tips were broken back to diameters of 6- 12 ^m,
and the micropipettes were back filled with a few ^1 of

either 1 mg/ml aequorin (from Dr. J. R. Blinks, Mayo
Foundation, Rochester, Minnesota) in a buffer solution

containing 150 mM KG, 5 mM HEPES, 0.2 mM
EGTA, pH 7.45, or 5 mMfura 2 (Molecular Probes, Eu-

gene, Oregon) in a buffer containing 60 mM KC1, 6 mM
5mA/ HEPES, pH 7.4.

Oocytes -injected using a Picospritzer

(General Valve. Fairfield. KTSCV) system. Typically,

2 or 3 pressure pulses of 20 Ib/sq. in. for 200 ms were

applied, each one ink 6 nl. Injected volumes were
calculated by measu diameter of solution drop-
lets injected into paraili . and after oocyte in-

jection. After injection v transferred back to

O-R2 and left for 1 -'. and to allow the indi-

cator to diffuse througi

In order to inject fura-2 into smaller cells, such as the

lamprey axons, we developed an iontophoresis protocol.

The tips of micropipettes (< 1 ^m tip diameter) are filled

with a 24 mM solution of fura-2 free acid and the rest of

the pipette is back-filled with 100 mAfKCl. These micro-

electrodes are then used in a standard electrophysiologi-

cal set-up (WPI 701 amplifier. Grass SD9 stimulator and

Tektronix storage oscilloscope) and a Mauthner axon is

impaled. If a membrane potential of -65 mV or more is

observed, then fura-2 is iontophoresed into the axon by

passing 5 nA square-wave pulses at 5 Hz for 7 min.

Experimental set-upfor aequorin measurements

Single oocytes were mounted in a specially designed

chamber which could be inserted into the end of the pho-

tomultiplier housing and held so that the cell was ap-

proximately 2 mm below the photocathode (Cork el ai.

1987). The photomultiplier tube. (Hamamatsu Corp.

model R464S) was uncooled and operated at 775 volts.

This tube was specially selected for low noise and under

our experimental conditions had a dark count of 2-3

count s '. The rest of the light measuring equipment
consisted ofan amplifier/discriminator and a power sup-

ply/photometer (Pacific Precision Instruments, models

AD 1 26 and 1 26D, respectively). The analogue output of

the photometer was recorded on a chart recorder.

Calibration ofaequorin signals

The aequorin signals were calibrated according to Al-

len and Blinks (1978). At the end ofan experimental run,

the oocyte was lysed with 1% Triton X-100 and the total

light emitted (Lmax ) was counted. The ratio of L to Lmax ,

where L was the light signal recorded from the cell, was

then used to convert the light counts to calcium concen-

trations using a calibration curve. The calibration curve

was determined by measuring the light emitted from ae-

quorin in a known calcium buffer (L) followed by the

total light emitted when saturating calcium was added

(Lmax ). The ionic composition of the calcium buffers

used for the calibration was chosen to resemble the ionic

composition of the oocyte cytoplasm, i.e., 60 mM KC1,

6mA/ NaCl, 1 mAfMgCl : ,pH 7.4. For the Lmax determi-

nation 60 mj\/CaCl2 in 1% Triton X-100 was added.

Experimental .set-up forJura 2 measurements

We have developed a microscope-based system for

measuring fluorescence from single cells (Cork el ai,

1987). This system consists of a Leitz Diaphot micro-

scope with a low noise photomultiplier tube (Hama-
matsu R464S) connected through a photometer/photon

counter (Pacific Precision Instruments, model 126D) to

a chart recorder. The fluorescence excitation wavelength
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can be selected by sliding a block containing the desired

interference filter in front of the 100-W Hg-lamp. The

wavelength of the measured fluorescence is determined

by an interference filter mounted in the microscope. A

pinhole in the projection lens at the image plane of the

objective defines the area over which measurements are

made: it also acts with an illumination iris in front of

the excitation filters to restrict background fluorescence

from above and below the focal plane (Koppel el al.,

1976).

For experiments on oocytes, we used a 505 nm inter-

ference filter with a 10 nm bandwidth to select the fura

2 fluorescence emission. The two excitation wavelengths

were selected with a 352 nm (3 nm half bandwidth) filter

and a 380 nm ( 10 nm halfbandwidth) filter. The reduced

bandwidth of the 352 nm filter was required to reduce

contamination from the intense Hg-line at 365 nm,
which decreased the sensitivity of the measurements to

calcium changes. A 75 W xenon lamp, with a continuous

rather than a line spectrum, was tried as an alternative

solution to this problem; however, its output at 350 nm
was much less than that obtained with the mercury lamp.

To improve the 350 nm transmittance of the system, the

thick glass condensing lens in front of the lamp was re-

placed with a fused silica lens (Oriel Corp.). The micro-

scope objective used for a particular experiment is de-

pendent on the geometry of the cell preparation, the re-

quired magnification, and the UV transmittance of the

objective. For many applications, including the larval

lamprey experiments, we found a 36x reflecting objec-

tive (Haling Corporation, South Natick, Massachusetts)

to be admirably suitable; we used a Leitz 50x Fluorezenz

water immersion lens for the Xenopus oocyte experi-

ments.

Calibration of the readings was done by determining

values for the minimum (zero calcium) and maximum

(saturating calcium) fluorescence ratio from calcium

buffer solutions containing 2 jtA/ fura-2. Ratios were

converted to [Ca
2+

]i
values using the equation of Gryn-

a/. (1985);

Table I

fCa-
+
J, values determined in Xenopus oocytes using

three different methods

[Ca
2+

]
= Kd X Scaling Factor X (R - Rmin )/(Rma

- R)

(1)

Experiments were calibrated either just before or just af-

ter the series of experimental readings. Background flu-

orescence was determined from unloaded cells. Extrac-

tion of data from chart recordings, subtraction of back-

ground fluorescence, and calculation of ratios and

calcium concentrations was performed with a micro-

computer.

All experiments were done in a temperature controlled

room at 20-22C.

Method (nM) S.D. (n) Reference

Ca-electrode
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concerned, it is almost impossible to position an elec-

trode tip in the region less than 50 ^m below the surface

with any accuracy.

The major problems with the calcium microelectrodes

were a lack of stability and shifting calibration after im-

palement and withdrawal. This makes their practical ap-

plication time consuming and technically demanding.

The success rate for completed experiments, where the

electrodes had sufficient sensitivity and the calibration

remained relatively stable throughout the experiment,

was low (< 10%).

One aspect of the microelectrodes construction that

we are presently working on is improving the beveling

technique to give better control over the size and shape

ofthe electrode tip. The expectation is that this will allow

us to make measurements in smaller cells with much im-

proved reliability. Micropipettes must be beveled to

achieve sufficiently sharp electrodes so as to avoid dam-

age to the cells while retaining a large enough opening

for good calcium response. We have developed a method

that uses a turntable covered with an extremely fine abra-

sive film. The micropipette is mounted on a microma-

nipulator and an ultrasonic detector (designed and built

by Dr. Eric Furgason, Electrical Engineering, Purdue

University) is attached to the electrode. As the pipette is

lowered onto the rotating turntable at an angle of ~45,
the ultrasonic detector picks up the ultrasonic (30 KHz)
vibrations that are produced by the tip's contact with the

abrasive and the operator hears an audio signal. This

method allows extremely fine control of the degree of

beveling and results in a very sharp, fine-tipped micro-

electrode with a nicely beveled point.

Aequorin

The use of aequorin to quantify the calcium levels in

cells is, as with electrodes, limited by practical rather

than theoretical considerations. Aequorin measure-

ments are relatively insensitive to artifacts arising from

changes in other ions and if care is taken in calibrating

the measurements in appropriate media, the signals ob-

rom cells can be converted to calcium concentra-

. The chief difficulties with the use of

cium measurements arise from the

pract Jetecting the low light levels

emitted >e cells must be in a specially

designed tray light and they must be

accessible to hing media and the fairly

sophisticated li Hiipment. Methods in-

volving imaging UK generally lose a large

proportion of the < -Main the best sig-

nal strength, and ver limit of [Ca
2+

]j

detectable, the at: cells while measur-

ing their calcium i be sacrificed. This

may create problems when it comes to interpreting the

results because the light emitted by aequorin rises as the

[Ca
2
+], to the power -2.5 (Allen and Blinks, 1978).

Light from any regions of higher [Ca
2+

],
will therefore

dominate the signal from the cell and the average value

of [Ca
:+

],
will be overestimated.

The use of aequorin has often been limited to observ-

ing transients in the calcium while the resting levels in

cells have not been measured. Indeed, three of the pre-

viously published accounts of experiments using aequo-

rin in Xenopus oocytes did not determine the resting lev-

els (Belle el a/., 1977, Moreau el a/., 1980, Wasserman et

al., 1980). There are two major reasons why we were able

to detect a resting level glow. First, we used albino oo-

cytes that do not have the light absorbing pigment of the

wild type and second, our chamber was specifically de-

signed so that the cell was as close as possible to the pho-

tocathode and as much light as possible was reflected up
into the photomultiplier.

Fluorescence measurements

The most recently developed methods for quantifying

intracellular calcium are based on a family of fluorescent

calcium probes introduced by Roger Tsien and co-work-

ers (Tsien et al., 1982, Grynkiewicz et al., 1985). The

principal indicator we have used is fura-2, although we

have also used quin2 and indo- 1 . One ofthe main advan-

tages of these dyes is their ability to be loaded into small

cells without microinjection. Tsien (1981) proposed that

these dyes could be best introduced into cells if they were

esterified to acetoxymethyl groups that would be cleaved

off by intracellular esterases leaving the parent com-

pound trapped in the cytoplasm. While this method has

worked well in many mammalian cell types, it has

proved to be problematical in almost all plant cells

(Cork, 1986; Bush and Jones, 1988) and some animal

cells (Luckhoff, 1986). Even if the cells load, use of the

AM esters may introduce artifacts into the measure-

ments; the dye may compartmentalize within the cells

(Malgaroli et al., 1987) or incomplete hydrolysis may re-

sult in calcium-insensitive components (Scanlon et al.,

1987) that affect the calibration of signals. Consequently,

wherever possible we have used both fura-2 and indo-1

in their free acid form and have microinjected them into

cells. While there are some practical problems associated

with loading cells, high background fluorescence from

some cells, and the necessity to maximize the UV trans-

mittance of the microscope, the principal problem with

use of fura-2 and indo- 1 is the calibration of the measure-

ments in terms of absolute calcium concentrations.

Two questions need to be answered regarding calibra-

tion of fluorescence ratios. First, what values should be

used for the constants in the calibrating equation ( 1 ), and
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second, how appropriate are the values to intracellular

measurements if they are determined from aqueous cal-

cium standards? We routinely determine values for Rmm ,

Rmax and the scaling factor (S.F.) from aqueous calcium

standards in a buffer chosen to resemble the intracellular

ionic environment. We have used the value of 223 nM
for the Kj (Grynkiewicz et al.. 1985), although this may
not be the most appropriate value since it was deter-

mined for an ionic strength of 0. 1 5 at pH 7.05 and 37C,
and our assumed intracellular milieu used for oocyte cal-

cium standards is I
= 0.1 at pH 7.6 and 22C. We have

yet to determine a better value but some of our prelimi-

nary data indicates that the Kj value should be lower and

that the values for [Ca
:+

][ may be lower than those shown

in Table I, possibly 100 aA/or less. At I
= 0. 1 14 M, pH

7.5. and 23C, the fura-2/calcium dissociation constant

was 104 n.l/(W. Busa, pers. comm.). Irrespective ofwhat

values are used in equation 1, the question remains

whether the calibration values determined from aqueous
calcium standards are appropriate to the intracellular in-

dicator. It has been reported that either the fluorescence

spectra or the calcium binding properties of fura-2 are

sufficiently altered in an intracellular environment to

make calibrations made in aqueous buffers inappropri-

ate (Malgaroli et al.. 1987. David-Dufilho et al.. 1988).

Whether this is due to some interaction with specific cy-

toplasmic components (Williams and Fay, 1986) or cell

membranes, or is some general 'viscosity' effect (David-

Dufilho et al.. 1988) is still not certain. However, what is

apparent, is that the effect is variable. We have not ob-

served any abnormally low levels of [Ca
2+

], in Xenopus

oocytes, yet with bovine corneal cells or laval lamprey
axons we have often seen apparent calcium levels below

the minimum detection level for fura-2 determined from

aqueous calcium standards (i.e.. the fluorescence ratio

observed in the cells is close to. or below, the Rm , n value

determined from standards). We have performed a direct

comparison of the apparent calcium levels obtained with

fura-2 and indo-1. The larval lamprey spinal cord has

two Mauthner axons that run parallel along the lateral

margins of the cord. We have filled one axon with fura-2

and the contralateral one with indo-1. The axons were

filled with equal amounts of the dyes by iontophoresis,

measurements were taken from both axons during the

experiment, and both sets of data were calibrated with

reference to the same calcium standards. The mean

[Ca
2+

]j resting level obtained with fura-2 was 24 nA/

while the axon filled with indo- 1 had an apparent resting

level of416 nM. The very large difference between these

two measurements gives us cause to believe that there are

some dye-specific artifacts associated with making these

measurements with fluorescent indicators. We believe

that the levels obtained using fura-2 are too low while the

apparent levels obtained using indo-1 seem too

high. Further experiments to clarify these points are

underway.
When using any of the fluorescent probes in Xenopus

oocytes, one factor to be considered is the distribution of

pigment (melanin) in the cells. The results shown in Ta-

ble I are from wild-type oocytes in which we were spe-

cifically looking for a gradient in [Ca
2+

]j between the ani-

mal and the vegetal hemispheres. Wild-type oocytes have

a densely pigmented animal hemisphere and a vegetal

hemisphere that has little or no pigmentation. The

[Ca
2+

]j
in the animal hemisphere was apparently lower

than that in the vegetal; however, signals from the animal

hemisphere were greatly attenuated by the pigment layer

and we considered the possibility that the pigment may
have affected the measured calcium levels. Spectropho-
tometric measurements on melanin suspensions showed
that the pigment's absorption at 350 nm was approxi-

mately 1.3x its absorption at 380 nm. Furthermore, tests

using fura-2 in calcium standards with varying amounts
of melanin showed that the melanin reduced the mea-

sured fluorescence ratio for a given calcium concentra-

tion. Besides a differential effect on the amount of excit-

ing light at 350 nm and 380 nm and thus the emitted

fluorescence at those excitation wavelengths, some of

these tests also suggested that melanin may have some
calcium binding properties that could lower the calcium

concentration in the endoplasm of the animal hemi-

sphere. These questions have not yet been resolved, but

preliminary measurements have been made in albino

oocytes that lack all the pigment. We find no difference

in [Ca
2+

], between the two halves of the albino oocytes

(Table I) but the use of albino oocytes presents other

problems that make interpretation of these results

difficult. First, it is not always possible to decide where

the boundaries of the two hemispheres are in oocytes

lacking the clear landmarks of pigment. Second, mea-

surements taken by focusing the microscope above or be-

low the cell's surface indicate there are differences in the

apparent [Ca
2+

],
at different levels in the oocytes. When

observing a completely white opaque body through a mi-

croscope there are no landmarks on which to focus, so

the location of the measurements in albino oocytes is un-

certain.

In summary, probably the most accurate determina-

tions of the resting [Ca
2+

],
in Xenopus oocytes are those

obtained using calcium-selective microelectrodes. How-
ever, they were the most technically demanding mea-

surements to make, and microelectrodes are not very

suitable forgiving an overall picture of the calcium level

in the cell. The measurements made using aequorin are

probably the best for an average value from the whole

cell although they do not give any information on any
variations in [Ca

2+
]j throughout the cell and they tend

to emphasize regions of high calcium. For details on the
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distribution of [Ca
2+

] (
in the cell, fluorescence measure-

ments provide the most information although the abso-

lute values obtained are probably the least reliable.
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Relationship Between Growth and the Electrical

Current of Fungal Hyphae
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Abstract. The hyphae of filamentous fungi exhibit a

highly polarized mode of cell extension and all generate

electrical currents around their hyphal tips. Of the 1 3

fungi that have been examined with the vibrating probe,

12 normally have positive electrical current entering the

growing tip. However, the apical current is always out-

ward in Allomyces macrogynus. In those organisms that

have inward apical currents, outward currents are found

occassionally and transiently in hyphae that extend at

normal rates. There is no good correlation between ei-

ther the extension rate or the length of the growing pe-

ripheral cell and the current density. These studies lead

one to conclude that the relationship between the genera-

tion ofan electrical current and the extension of a hypha
is superficial and not essential. The association between

the flow of protons, which carry most of the current in

fungi, and cell extension may be tighter.

Comparison of the currents of three water molds A.

macrogynus, Blastodadiella emersonii and Ai-hlya bi-

sexiialis provides an insight to the probable role of the

electrical current. A. macrogynus and B. emersonii both

have rhizoids that may take up nutrients by proton-

linked transport. The nutrients support growth of the

sporangium and hypha, respectively, to which they are

joined. In A. bisexiialis, proton symport is responsible

for nutrient transport into the hyphal tip. There seems to

be an excellent correlation between the zones at which

proton-coupled nutrient transport occurs and the re-

gions where positive current enters these fungi. There-

fore, the current may indicate local nutrient uptake

rather than local cell growth.

Abbreviations: PGZ peripheral growth zone.

Introduction

Investigations of ionic currents in fungi have centered

on those found at the apices of hyphae and hyphal
branches. The currents are normally steady, inward at

the tip, and carried mainly by protons. Much effort has

been devoted to the mechanism of generation of the cur-

rent but here attention is turned to their biological sig-

nificance. To date, three fungi have been examined in

detail: Atiilya bisexualis. a filamentous water mold

(Kropfetal., 1983, 1984;Gow et a/., 1984;Schreursand

Harold, 1988), Newospora crassa (McGillivray and

Gow, 1987; Takeuchi ft a/.. 1988), a mycelial ascomy-
cete, and Blastodadiella emersonii, a chytidiomycetous

fungus that forms branching rhizoids and a thallus-like

sporangium (Stump et ai. 1980). Thirteen fungi have

now been examined with the vibrating probe (Gow,
1987). Normally current enters the hyphal tips of the fil-

amentous fungi or the rhizoids of B. emersonii, however

transient outward currents have also been found at the

growing tips of A. bisexiialis (Kropf et al, 1983) and N.

crassa (McGillivray and Gow, 1987). Another water

mold, Allomyces macrogynus. was recently investigated

(Youatt et al., 1988). This has hyphae like A. bisexiialis

and rhizoids like B. emersonii. Since these both have in-

ward currents, we wondered whether A. macrogvnus
would follow the Achlya or the Blastodadiella pattern.

A report of the findings follows.

Currents typically enter an apical zone of some hun-

dreds of microns in length. The growing zone of a hypha
in which cytoplasm provides the enzymes and new mem-
brane for tip extension is a measurable parameter in my-
celial fungi and has been called the "peripheral growth
zone" (PGZ) (Trinci, 1971). This zone varies in length

and volume according to the growth conditions but it
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may be as small as the first 100 j/m of the hypha or as

much as a centimeter in length for some rapidly growing

fungi. It is of interest to establish how the map of inward

and outward current compares with the PGZ. Such a

comparison is made here for three mycelial fungi. The

pattern, shape, and magnitude ofthe transhyphal electri-

cal current is discussed in relation to t'> olarity and ki-

netics of cell growth in fungi.

Materials and Methods

Organisms and culture conditions

A. bisexualis female strain T5, N. crassa strain

RL2 1 A, Basidiobolus ranarum (lab strain), and A. mac-

rogynus strain 3.35 were all grown from agar blocks into

liquid media as described previously (Gow, 1 984: Youatt

et ai. 1988). The medium for B. ranarum contained 20

g/1 glucose and 5 g/1 mycological peptone.

Measurements with the vibrating probe

A one-dimensional system using glass electrodes was

used (Jaffe and Nuccitelli, 1974). Electrodes typically

had a ball of between 15 and 25 nm diameter. Quadra-

ture measurements were made at intervals or continu-

ously. Signals were processed using a EG&G dual phase

Princeton Applied Research 5208 lock-in amplifier. Cur-

rent densities for all fungi were normally in the range of

0.1 to 1 .0 juA cirT
2

.

Determination ofthe peripheral growth :one

The PGZ was determined in three ways. (1) For N.

crassa and A. bisexualis. the specific growth rate a of the

organism was measured by determining the rate of in-

crease in biomass in liquid culture. The PGZ is obtained

from the following equation where Kr is the extension

rate or radial growth rate of the hypha (Trinci, 1971 ).

PGZ = Kr/

Bisexualis the PGZ was also determined by
:'. increasingly distal locations and observ-

ing the i jxtension rate (Trinci, 1971). The
minimun t the cut could be made from the

tip without a e of hyphal extension was

taken to be the F niminun. the cytoplasm
in the hypha migra! ivith extending tip leaving

behind extensive- hypha to the rear (Robi-

now. 1963). The PC tcrmined directly and
is simply the obsem >

apical cytoplasmic

compartment.

Results

Relationship between hyphal extension and

electrical current

There is a very poor correlation between the extension

rate of a hypha and the inward current density. Non-

growing hyphae with normal-sized currents have been

reported in N. crassa and Achlya ambisexualis (McGil-

livray and Gow, 1987; Gow and Gooday, 1987). Takeu-

chi et ai. (1988) reported a correlation coefficient ofonly

0.36 between the rate of extension and the current den-

sity in this organism. In branching hyphae of A. bisexu-

alis. transient outward currents have been reported at

hyphae that maintained a normal extension rate (Kropf

et ai. 1983). Recently Schreurs and Harold (1988)

showed that A. bisexualis could be grown in media that

supported normal growth but severely attenuated cur-

rents. Therefore quantitatively there is a poor correlation

between current magnitude and the rate of hyphal exten-

sion. This does not support the view that the electrical

current is a driving force for tip growth.

In Table I a qualitative study ofthe shape ofthe electri-

cal current map is made by comparing the lengths of the

zones of inward and outward current with the length of

the actively growing portion of the hypha. This periph-

eral growth zone (PGZ) can be thought of as the equiva-

lent of a "cell" for a filamentous fungus thus it is of inter-

est to ascertain whether there is a relationship between

the functional and electrically active growth zones.

In TV. crassa and A. bisexualis the zone in which cur-

rent entered the hypha was a small fraction of the PGZ.

In A. bisexualis the complete map, comprising both in-

ward and outward current, was approximately equal to

the PGZ while in B ranarum the zones ofinward current

and the PGZ were approximately the same (Table I). It

was not possible to determine whether the whole current

map coincided with the PGZ in N. crassa because cur-

rents could not be mapped well behind the tip where

branching was profuse. There was also no indication that

the length of the inward current zone was related to the

extension rate. For example, with N. crassa the hyphae

extended at twice the rate in malt extract medium than

in Vogels minimal medium yet the zone of inward cur-

rent was about the same. The error in making these mea-

surements is large enough to prevent precise comparison

but they do not suggest any firm relationship between the

kinetic and electrical dynamics of cell growth.

Electrical currents in water molds

What is the biological significance of the vectorial flow

of electrical current in fungi? The water molds include

two major groups: the chytridiomycetes of which B. em-
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Table I

Comparison ofthe growth offungal hyphae and the associated endogenous electrical current
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Discussion

The direction and magnitude of current flow were not

tightly correlated with the rate of cell extension or the

length of the actively growing part of the hypha. With A.

macrogynus the polarity of cell growth could effec

be reversed but this had no effect on the direction of the

flow of the electrical current. These data indicate that

electrical forces are not paramount in driving the expan-

sion of the hyphal apex or maintaining cell polarity.

B. emersonii takes up nutrients preferentially in the

rhizoids (Kropf and Harold, 1982) which are chemo-

tropic towards them (Harold and Harold, 1 980). The nu-

trients are used for growth of the rhizoids and for the

sporangium. The rhizoids of A. macrogynus are also

chemotropic towards amino acids (Youatt, Gow, and

Gooday, unpubl.) and can also be presumed to be the

principle site ofnutrient adsorption (Fig. 3). In A. bisexu-

alis, amino acid transport is localized at the hyphal tip

(Gowetal.. 1 984; Kropf et a/., 1984) (Fig. 3). Since nutri-

ent transport in fungi is often linked to the influx of pro-

tons, one might expect to see inward currents at sites

where nutrient transport is concentrated. An excellent

correlation is demonstrated here between the sites of nu-

trient transport and the sites where inward currents are

found in various water molds (see Figs. 1 and 3). These

results imply that the inward electrical current relects lo-

cal nutrient transport and not local cell growth.

In A. bisexualis, protons may continue to enter hyphal

tips even when the electrical current turns from inward

to outward (Gow el ai, 1984). It is possible that the out-

ward currents at the apices of hyphae of A. macrogynus

'back-filling'

\ \

f
I>

Figure 2. The elect; ic .-lau-d with "reversed develop-
ment" ofAllomycf* ,erc first grown in a gradient
of limiting oxygen and _o undergo progressive hy-

phal widening from ih< gen-sufficient conditions.

Figure 3. Suggested correlation between proton-coupled nutrient

transport and the circulation of electrical current in Allomyces macro-

gynus and Achlya bise.xualis. Symport of amino acids (aa) and other

nutrients (X) is confined to the hyphal tip ofAclilya and the rhizoids of

Allomyces, The proton-pumping ATPases that drive the currents are

probably excluded from these regions. Positive current enters sites of

local nutrient transport, not local hyphal growth.

may be carried by an ion or ions other than protons. For

example, it is conceivable that outward current at the hy-

phal tip may result from electrogenic potassium efflux,

which masks continued proton influx at this site. This

possibility is now under investigation. In this scheme of

things it is the chemical component, not the electrical

component, of circulating currents that may be signifi-

cant in the control of cell polarity.
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Abstract. The results of one- and two-dimensional vi-

brating probe studies of the desmids Closterium and Mi-

crasterias have demonstrated that (i) transcellular ionic

currents are detected only around cells that are undergo-

ing primary cell wall morphogenesis, (ii) inward current

is localized to regions ofwall expansion, (iii) current den-

sities maintain a steady level until growth slows with

maturation of the primary cell wall pattern, and (iv) the

currents are carried at least in part by Ca
:+

, K+
, H +

, and

Cl ions.

Introduction

The unicellular green algal desmids Micrasterias and

Closterium are intriguing systems for the study of mech-

anisms controlling plant cell wall form (Tippit and Pick-

ett-Heaps, 1974;Kallioand Lehtonen, 1 98 1 ; Kiermayer,
1981; Staehelin and Giddings, 1982; Pickett-Heaps.

1983). A desmid cell has two symmetrical half cells

joined at an isthmus. Each time a cell divides, it is bi-

sected by a septum (cross wall) to produce asymmetric
daughter cells. To regain interphase symmetry, each

daughter must undergo a remarkable, patterned expan-
it the cross wall. In Closterium, the septum ex-

through tip growth, to regenerate the

of the mature cell. In Micrasterias,

m pan led by the appearance of

.vith a central polar lobe.

mtrolling the pattern of

primary expa; nderstood, localized wall

expansion ir od thus far is thought
to be accompa ig localized influx of
Ca2+

ions (re-, Kircherer, 1981;

Hepler and V
, of several studies

(Browerand Mclnu* 1982; McNally el

a/.. 1983; Lehtonen, 1984) support the hypothesis that

Ca:+
directs localized wall growth in Micrasterias and

indicate that the desmids may be particularly favorable

cells in which to investigate the electrical control of de-

velopment. In this study, one- and two-dimensional vi-

brating probes (Jaffe and Nuccitelli, 1974; Scheffey,

1988) were used to map the ionic currents around Mi-

crasterias and Closterium cells.

Materials and Methods

Algal cultures

Micrasterias and Closterium cells were cultured in a

modified Waris medium (Waris, 1953) in which equimo-
lar CaCl : was substituted for CaSO4 , as recommended

by McNally et al. (1983) and to which 2.5 mM 2-(N-

morpholino)ethanesulfonic acid (MES) and 50 ml/liter

of soil water extract had been added. The pH of the me-

dium was adjusted with KOH to 5.4 for Micrasterias cul-

tures and to 6.0 for Closterium cultures. Cells were

grown at 18C on an 16-h light/8-h dark cycle, adjusted

so that cell division and primary cell wall expansion oc-

curred during the working day. Dividing cells selected for

use in experiments were treated for 1 5 to 30 min with 1

Sigma unit of beta-glucuronidase (Sigma) reconstituted

in Waris medium to remove the surface coat ofmucilage,
which can interfere with probe measurements. Dividing
cells left in the beta-glucuronidase solution for longer pe-

riods completed wall expansion normally. During probe

measurements, cells were maintained in modified Waris

medium without soil extract. The specific resistivity of

the medium was ca. 3.5 X 10
3 ohm -cm. The medium

contained 1.0 mM KNO,, 0.2 mM MgSO4 , 0.2 mM
(NH 4 ) :HPO4 ,and0.3m7l/CaCl 2 ,and2.5mMMES.
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The effects upon transcellular currents of media with

altered ionic compositions or containing channel block-

ers or metabolic inhibitors were tested using a coupled

syringe system. The system consisted of a 35-mm diame-

ter Petri dish chamber to which inflow tube and outflow

tubes were fitted. A sylastic insert in the dish reduced the

volume ofmedium to be exchanged and more efficiently

channeled the flow ofmedium from the input to the out-

flow tube. Two disposable 60-cc syringes served as reser-

voirs for media and were connected to the input tube by

a three-way valve. The syringes could be quickly refilled

or replaced as needed during experiments without dis-

turbing the cell preparation. The exchanges were carried

out by adjusting outflow and inflow rates so that the cells

and probe in a preparation were always submerged. The

system permitted the exchange of up to 0.5 cc of me-

dium/s without disturbing the cells. Tests in which the

dish was filled with a 1% neutral red solution showed that

an exchange of 1 8 cc over a period of about 36 s was

sufficient to exchange media. The probe was moved to a

reference position during exchanges.

A "low-potassium" medium was made by replacing

the KNO 3 in Wans medium with equimolar CafNOj):.

In a "low calcium" medium, CaCl: was replaced with

equimolar MgCl 2 . In some experiments, anthracine-9-

carboxylic acid (Aldrich Chemical Co.), a Cl~ channel

blocker (Palade and Barchi, 1977; Oberliethner el ai,

1983), was added to the medium at a final concentration

of 100 fj.M. Gadolinium nitrate pentahydrate (Aldrich

Chemical Co.) was added to the medium at a final con-

centration of 50 nM as a Ca2+
channel blocker (Bourne

and Trifaro, 1982). These test media were of the appro-

priate pH (5.4 or 6.0) for the cell under investigation.

Media of pH 5, 6, and 7 (buffered with MES) were used

in substitution tests on Closterium. The resistivities of

the test media were similar to the resistivity of regular

Waris; however, measured current densities were cor-

rected for slight differences in resistivity between normal

and test media. Closterium cells were used for substitu-

tion experiments because these preparations were easier

to work with.

Vibrating probe measurements

Ionic currents were measured using a vibrating probe

(Jafte and Nuccitelli, 1974; Scheffey el ai. 1983;

Scheffey, 1986a, 1988). A one-dimensional probe was

used for initial measurements of currents around Mi-

erasterias and Closterium cells, for coarse and fine reso-

lution mapping of trancellular current patterns and for

ion substitution and drug studies. In addition, a two-di-

mensional probe (Scheffey, 1988) was used to map cur-

rent patterns around Closterium cells. An excellent in-

troduction to these techniques is available in Scheffey el

ai (1983) and Scheffey (1986a, 1988). All experiments
were conducted at the National Vibrating Probe Facility

at the Marine Biological Laboratory, Woods Hole, Mas-

sachusetts.

Wire probe tips had diameters from 5 to 36 /urn. The

amplitude of probe vibration was set to the diameter of

the probe tip in use, and the probes were vibrated perpen-

dicular to the cell surface at frequencies in the range of

149 to 1842 Hz. Probe capacitance was checked fre-

quently, and probes were replatinized or replaced when

capacitance fell much below 1 nF in Waris medium or

when noise levels became excessive. Lock-in quadrature

response was monitored during experiments with the

one-dimensional probe (Scheffey, 1986b) as an aid in de-

tecting artifacts resulting from contact between the probe

tip and mucilage secreted by the cells. Probe calibration

was performed at the approximate depth in the prepara-

tion at which measurements were to be made.

Cell preparations were made as described previously

(Troxell et ai. 1986). Transcellular current patterns dur-

ing wall expansion were determined from one-dimen-

sional probe measurements taken around 45 Micraster-

ias and 68 Closterium cells. In addition, 15 Closterium

cells were mapped with a two-dimensional probe. One-

dimensional probe measurements were recorded on

chart records, and experiments were further documented

with time-lapse video and/or 35 mm photographs. Two-

dimensional probe data were stored on computer floppy

disks and magnetic tape; data could be displayed as a

printed log or as video images of cells upon which mea-

sured current vectors were plotted to the scale desired.

Video displays of probe data were also recorded on Po-

laroid and 35-mm black and white and slide films.

Results

Correlation between currents and growth

Transcellular ionic currents were detected only in Mi-

crasterias and Closterium cells undergoing primary cell

wall expansion. Currents were observed to enter growing

regions of the new semicell and to exit over the old semi-

cell. Measurements of steady inward currents densities

ranged from 0.7 to 5.4 jtA/cm
2

, and outward current

densities ranged from 0.2 to 1.5 /uA/cm
2 measured at 18

jjm from the cell surface. Figure 1 shows typical one-di-

mensional probe measurements of the transcellular cur-

rents around a Micrasterias cell in the later stages of pri-

mary cell wall expansion. Currents measured in several

Micrasterias cells from an early stage of wall expansion

through completion of maturation of the primary wall

pattern remained at a steady level and then decreased to

background noise levels as wall expansion ceased with
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B

Figure 1 . Ionic currents measured around a Micrasterias thomasi-

ana cell with a one-dimensional vibrating probe. Outward current (-)

is found over the old half cell (A, B). and inward current (+) is found

over the nearly mature primary wall of the new half cell (C, D).

that H +
, Cl , K+

,
and Ca2+

ions may carry a portion of

the current.

Treatment with anthracine-9-carboxylic acid. Both in-

ward and outward currents decreased rapidly (20-64%)
in cells treated with 100 nAI A-9-C, a chloride channel

blocker. When the cells were returned to Waris medium,
current decrease continued for a few minutes, and then

currents recovered to their former levels.

The effects oflowpotassium medium. Both inward and

outward currents decreased immediately (33-85%) in

low potassium medium, but recovered rapidly when the

cell was returned to Waris medium.
The effects ofpH changes. Transcellular currents were

dramatically affected by changing the pH of Waris me-

maturation ofthe primary wall pattern (data not shown).

When the spatial resolution of the one-dimensional

probe was maximized through the use of small probe tips

(5-15 fim), more subtle details of the transcellular cur-

rent patterns in biradiate and uniradiate M. thomasiana

cells were observed. As the probe was moved from lobe

to cleft to lobe over an expanding semicell, the corre-

sponding current measurements showed inward current

over the lobe tips, and slightly outward current over the

intervening cleft. Because the lobe tips are about 5 yum

across, which is near the limit of spatial resolution of the

probe, it was not possible to determine whether changes
in the current pattern at an expanding lobe tip precede
the formation of a cleft as one would predict.

Primary cell wall expansion and semicell morphogen-
esis in the uniradiate variant ofM thomasiana differs

from that of the normal biradiate cell in that lobes are

formed only on one side of the expanding half cell; thus,

the polar lobe of the resulting semicell thus has an ex-

posed side. In uniradiate cells, current was observed to

enter expanding lobe tips and exit over the parental semi-

cell, as in biradiate forms; current was also found to leave

over the lateral surface of the new polar lobe where a

wing had not formed (data not shown).
The trauscellular current pattern in growing Closter-

v graphically demonstrated in observa-

A ith a two-dimensional vibrating

probe; a t xittern is shown in Figure 2.

Current app ,c lip region of the expanding
primary cell er the old semicell. No
transcellular curr ted in observations of 5

interphase cells (d;

Ionic dependence ;;<$

The results of ion s ad channel blocker
studies on Closteriitm -jzed below, suggest

Figure 2. Current pattern around a C/oslerntm cell undergoing pri-

mary wall expansion, mapped with a two-dimensional vibrating probe.

Currents enter over the new half cell (N) and exit over the old half cell

(O). The region where the old cell wall adjoins the new is marked by

open arrowheads. Vectors indicate current density and directions; the

vector base marks the probe position at the time of measurement. Vec-

tors to the right of the cell are smaller because the cell-to-probe distance

is proportionately larger. Scale vector (upper left)
= 0.5 fiA/cm'

2
: scale

bar = 60 urn.
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dium plus or minus one pH unit. Both inward and out-

ward currents decreased when the pH was raised from 6

to 7, and currents increased when the pH was lowered

from 6 to 5: the effects of the pH changes were reversible.

The effects of low calcium medium. The effect upon
currents measured around growing Micrasterias and

Closterium cells of lowering the [Ca
:+

] of Waris medium
was distinctive. Upon exposure to the low-Ca:+

medium,
inward currents showed a transient increase followed by
a decrease over observation periods of about 5 min; out-

ward currents were less effected, showing a slight de-

crease or even a slight increase. The effects of low cal-

cium medium were reversible; upon return to normal

Waris medium, current densities returned to normal lev-

els. When cells were left in low calcium medium for

longer period, the inward currents underwent more dra-

matic fluctuations, even reversing the direction of net ion

flow; currents quickly stabilized to normal levels when

the cells were returned to regular Waris medium.

The effect ofgadolinium ions. The addition of 50 nM
gadolinium nitrate to Waris medium as a calcium chan-

nel blocker resulted in current decreases of 50% or more

of both inward and outward currents. The effects of gad-

olinium were somewhat reversible.

Discussion

Steady, transcellular ionic currents were found to en-

ter the growing regions of semicells undergoing primary
cell wall morphogenesis. They exited over non-growing

regions of the old semicell or in regions of the new semi-

cell, such as lobe clefts or the lateral side ofthe polar lobe,

where wall-hardening prevents expansion. Currents

maintained steady levels during wall expansion and de-

creased to background noise levels as primary wall mor-

phogenesis reached completion.

The results ofthe ion substitution and channel blocker

experiments on Closterium suggest that the transcellular

current is carried in part by FT, K+
, CV, and Ca:+

, as has

been found to be the case for a number of other plant

cells (reviewed by Wiesenseel and Kircherer, 1982). An

unexpected and intriguing result of the calcium ion sub-

stitution experiments with the desmids was the erratic

fluctuation of the current at the growing tips when the

cells were placed in a low calcium medium. The repeated

reversal of the tip current from inward to outward in the

low calcium medium suggests that extracellular calcium

is required to maintain normal ion transport.

Of the ions that have been demonstrated to carry a

portion of the current, calcium has the most probable

significance for the localization ofgrowth potential in ex-

panding lobe tips. A localized intracellular increase in

the concentration of calcium might facilitate secretion of

vesicles containing wall materials by simple charge

screening between the vesicle and plasma membranes, or

might initiate and maintain a differentiation of an F-ac-

tin network in these cells. Such a network could direct

secretory vesicles to the growing tips, as in the case of

Fitcus zygotes (Brawley and Robinson, 1985) or various

fungal hyphae (reviewed by McKerracher and Heath,

1987).
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Abstract. Cell segments isolated from the unicellular

marine alga. Bryopsisplumosa, regenerated or protruded
thallus (T) at one cut end and rhizoid (R) at the other cut

end. Using a vibrating probe, we measured endogenous
ionic currents associated with these events.

Prior to the protrusion of T and R, the currents

changed in various ways. When the T and R protruded
at the cut ends of the segments, we detected an inwardly
directed current at the regions of T and R, and an out-

wardly directed current in other parts of the cell segment.
Both currents were strongly affected by decreases in ex-

ternal concentrations of Cl , suggesting that a large part

of the currents was carried by CV. In addition, these cur-

rents decreased with a decrease in external concentra-

tions ofMg
2+

, and were also reversibly eliminated by two

metabolic inhibitors. This evidence suggests that the CT-

migration system involves an energy-dependent and

Mg:+
-dependent process.

In parallel with the generation of these currents, turgor

pressure reached a maximum prior to the protrusion of

T and R. The relationship between the generation of the

currents, the generation of the maximum turgor pres-

sure, and the protrusion ofT and R is discussed.

Introduction

Our knowledge of the relationship between endoge-
nous (self-generated) ionic currents and growth and de-

velopment in plants and animals has been increasing in

recent years (e.g., Nuccitelli, 1986), since Jaffe and Nuc-

citelli (1974) developed an ultrasensitive vibrating elec-

trode.

1 To whom all correspondence should be addressed. Present address:

College of Medical Sciences, Tohoku University, Sendai 980. Japan.
2
Present address: Department of Biology, Faculty of Science, Yama-

gata University, Yamagata 990, Japan.

The unicellular marine alga, Bryopsis plumosa, pos-

sesses not only a high capacity for the regeneration of

whole plants from protoplasts (Tatewaki and Nagata,

1970) or from small pieces of algae (Nakazawa and Sa-

saki, 1982), but also possesses an apico-basal or thallus-

rhizoid cellular polarity that is firmly established by mi-

crotubules(Mizukami and Wada, 1983).

So far, little is known about the bioelectro-ionic prop-

erties ofalgae (Munday, 1 972). Our initial studies (Hishi-

numa, 1982), using a three-part chamber such as that

used in studies of Acetabularia (Nova'k and Bentrup,

1972), suggested that regenerating or regenerated algae

have a gradient of membrane potential along the T-R
axis. This finding led us to investigate whether endoge-
nous ionic currents are involved in the process of regen-

eration ofT and R, as described below.

Materials and Methods

Alga and its culture

The marine alga Bryopsis plumosa was maintained in

culture cups containing growth medium, which con-

sisted of 250 ml natural seawater enriched with 2.5 ml

of Provasoli's ES medium (McLachlan, 1973). The cups
were placed under continuous illumination with 1200

lux from fluorescent tubes at 21-23C. In the sea, the

natural algae are pinnate in form. However, under our

culture conditions the algae grew as cylindrical filaments,

probably because the medium was never disturbed by

shaking and the light intensity was insufficient. One end

of the alga is called the rhizoid (R) and attaches to the

bottom of the culture cup, and the other end is called the

thallus (T) and grows up toward the surface ofthe growth
medium.

41
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Isolation ofexperimental materials

Filamentous algae (4-7 cm in length and 0.4-0.6 mm
in diameter) were transferred to artificial seawater (ASW:
500 mA/ NaCl, 10 mM KC1, 10 mAf CaCl2 , 20 mM
MgCl 2 , 30 mM MgSO4 , adjusted to pH 8.2 with 5 mAf

Tris-HCl), one of the tips of R was cut to relea 'urgor

pressure, and then both the whole of R and the tip ofT
were cut and removed with small scissors. The remain-

der of the filament was further cut into s< -cgments

of approximately 5 mm in length. The cut ends of each

segment were closed by squashed cell walls, which were

formed by cutting. The isolated segments were kept in

ASW alone to minimize the multiplication of bacteria,

which grew as contaminants during the electrical and

pressure measurements. In this medium the segments re-

generated T and R in the same way as those in the stan-

dard culture medium, and then grew normally, at least

over two-week periods.

Measurement ofendogenous currents

Our vibrating electrode system has been described in

detail elsewhere (Nawata, 1984; Nawata and Sibaoka,

1987). The system is similar to that of Jaffe and Nucci-

telli (1974), but the construction of the vibrating probe
has been somewhat modified.

To examine the ion dependence of endogenous cur-

rents, we first prepared six modified ASWs, in which one

ion at a time was excluded from ASW; in K +
-free ASW,

KC1 was replaced by NaCl; in Na+
-free ASW, NaCl was

replaced by choline chloride; in Ca2+
-free ASW, CaCl 2

was replaced by MgCl2 ; in Mg2+
-free ASW, both MgCl :

and MgSO4 were replaced by NaCl; in Cl~-free ASW,
NaCl was replaced by CH 3CH 2COONa (sodium propio-

nate) and other chlorides by the corresponding sulfates;

and in SO4
:
~-free ASW, MgSO4 was replaced by MgCl2 .

By mixing any one of these media with ASW in different

proportions, the concentration of a given specific ion

could be varied. The pH of ASW, over the range from 6

to 9, was varied by addition of a small amounts of HC1
orNaOH.

iistivity ofASW and all of the experimental

range of 24 to 38 0- cm. All experi-

t 20-24C and in white light

vi the illumination apparatus of

alight n

Measurement OJ

Changes in turj some segments were
measured for fi solation, during the

period of protrusi g l ass rocj (ca 20 ^m
in tip diameter) <

ivable arm of a high-
sensitivity mecrnno- ansducer UL-2-240,

Figure I . Regeneration cycle, of a segment isolated from a Bryopsis
cell. The filamentous alga cultured for 2 weeks (top) was cut into 3

segments. One of them was subsequently observed for 4 days; the pho-

tographs were taken at the times indicated. Protrusion of a new thallus

(T) occurred 42 h after isolation, when there was still no sign ofa rhizoid

(R).

Shinkoh Communication Industry Co., Ltd. Tokyo, Ja-

pan). The rod was gently rested against the surface of the

segments immediately after they were isolated. Recovery
of turgor pressure caused an increase in diameter of the

segments, and as a result the rod was displaced upwards
and the transducer generated the corresponding DC volt-

age. Use of different segments allowed the displacement
to be calibrated against the absolute value of turgor pres-

sure determined by the manometric method (Green and

Stanton, 1967).

Results

Regeneration ofT and R from isolated cell segments

A large part of the cellular volume of Bryopsis fila-

ments is occupied by a central vacuole, so that a cytoplas-

mic layer is compressed against the cell wall. When the

filament was cut into approximately 5-mm-long seg-

ments in ASW, the cytoplasmic layer retracted up to 3-

4 mm along the cell wall (0 h in Fig. 1 ), and then the

cytoplasm aggregated quickly to close the wound at both

cut ends. This process resembled that of the wound heal-

ing observed in Boodlea sp. (La Claire II, 1982).

Membrane potential, which was recorded using a con-

ventional glass microcapillary electrode, began to in-

crease gradually until it reached approximately 40 mV
(vacuolar side, negative) within 10 min of cutting of seg-

ments (unpub. data). This result suggests that new

plasma and vacuolar membranes began to be formed on

the surface ofthe aggregated cytoplasm. However, break-

age and restoration of the new membranes occurred re-

peatedly at irregular intervals up to approximately 2 h

after isolation.
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Figure 2. Schematic drawing of the pattern of ionic currents and representative measurements. Row
I: time after isolation; II: pattern of currents detected; III: current density (mean standard deviation, n

= number ofexperiments), all of which were measured at the thallus (T) end; NA, not applicable (see text);

ND. not detectable. IV: Examples of current mappings made at 1-2 days (A) and 1.5-2.5 days (B) after

isolation. The patterns detected currents are depicted on the outline of the cell segments. Arrows indicate

the direction of currents.

Prior to the protrusion of T or R at either cut end,

no significant morphological changes could be discerned

(34 h in Fig. 1). However, observations using a fluores-

cent dye, Calcofluor White (a specific probe for /3-linked

glycosidic polymers) showed that the cytoplasmic sur-

face of both cut ends could be stained positively 6-16 h

after isolation, suggesting that a new cell wall was depos-

ited during that time.

The time at which T and R protruded was in the range

between 35 h (in the earliest case examined) to 60 h (in

the latest case) after isolation. In the case shown in Figure

1, the protrusion of T became visible at 40 h, and that

of R at 47 h. The new T-R polarity of the segment was

consistent with that of the original filament. Subse-

quently, the tips of both T and R grew at a rate ofapprox-

imately 0.5-1 .0 mm per day, and the segments regained

the form of cultured plants.

Generation of ionic currents and their orientation along

the longitudinal axis

The ionic currents were mapped along the longitudi-

nal axis of the segments; the probe was vibrated at a mea-

suring position 50 ^m away from the cell surface (at the

center of vibration) and at a reference position 2 mm
away from the cell surface. The results of 7-14 measure-

ments at each cell stage are summarized in Figure 2, in-

cluding examples of traces which were recorded before

and after the protrusion of T and R.

During the first 1-2 h after isolation, inward currents

which indicated an ionic flow from the outside toward

the inside could sometimes be detected at both cut ends,

but their peak values were rarely over 10 ^A/cnr. The

currents appeared to be generated when the newly

formed plasma and vacuolar membranes were suddenly

broken.

During the next approximately 10 h, the currents that

were measured at the cut ends of 24 segments decreased

to less than 1.6 /lA/crrr, and their direction varied

among segments. By the end of this period, these cur-

rents were reduced to the average noise level ofour probe

(about 0.4 ^A/cirr). One or two days after isolation, i.e.,

approximately 0.5 days before the protrusion of either T
or R, the currents flowed inwards over a large region of

the segment and flowed outwards through both cut ends

(1-2 days in Fig. 2).

At the time at which the protrusion of T and R was

first discerned (1.5-2.5 days in Fig. 2), the direction of

the currents was completely reversed, i.e., the currents

flowed inwards at the regions of T and R, while they

flowed outwards in other regions of the original seg-

ments. These results were obtained from 10 segments out

ofa total 1 3 segments examined. The exact time at which

the reversal of current occurred was not defined in the

present study. The inward currents on the T side were

somewhat stronger than those on the R side.

In the course of these measurements, we presumed
that such currents continue to flow as long as the tip

growth of T and R continues. However, when the T and
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R grew to approximately 5 mm in length both the inward

and outward currents were greatly reduced or had disap-

peared. The tip growth was subsequently maintained un-

der conditions where no currents were detected.

Ion dependence ofthe inward currents detected a,

region ofnew T

By varying the ionic composition of A we exam-

ined the ion dependence of the currents that were de-

tected during the protrusion ofT and R (the period from

1.5-2.5 days in Fig. 2). The results for only the inward

currents on the T side were described below, because the

ion dependence of the other currents measured on the R

side and in other regions of isolated segments gave al-

most identical results.

Exposure to K+
-, Na

+
-, SO4

2
~-free ASW, or ASW at

pH 6-9, had almost no effect on the magnitude of the

currents for at least 60 min. When segments were ex-

posed to Ca:+
-free ASW, twelve of the segments exam-

ined burst near the tips ofthe new T or R. Such segments

rapidly lost all ionic currents. In the remaining 8 intact

segments, the currents fell slowly by ~80% within 60

min. This result suggests that external Ca2+
is essential

for maintaining the membrane structure, rather than for

generation of the currents.

Changes in the concentration of Mg:+
([Mg

:+
]), over

the range from 20 to 50 mM, did not have a major effect

on the magnitude of the currents. However, when the

[Mg
:+

]
was decreased below 20 mM the currents de-

creased quickly and became almost zero within 5 min

after the change. The currents were reversible, but not

completely so.

Changes in the concentration of Cl" ([CT]), over the

range from 10 to 570 mM, influenced the magnitude of

the currents in two different ways. In 1 7 of the segments

examined, the currents decreased toward zero with the

decrease in [Cl~], and below 50 mM the currents became

almost zero. In five other segments, the currents in-

creased suddenly at a certain decreased [Cl~]. Probably,

such currents occurred as a result of leakage ofthe vacuo-

:x caused by imperceptible damage to membranes,

'ied the effects of 1 mM 2,5-dinitrophenol

f respiration) and 30 nM 3-(3,4-dichloro-

phem' i inhibitor of photosystem
II) dissi currents. The currents were

compk of these inhibitors within 3

min, and the: ;
i ASW allowed a gradual but

complete reco-. Mils ( 30 min or more).

Recovery oftw

Changes in turgor p c monitored from the

isolation of segment 1
; thi the protrusion of T and

Time after isolation (days)

Figure 3. Time course of recovery of turgor pressure. The ordinate

indicates the upward displacement of the glass rod and the calibrated

turgor pressure. Protrusion of thallus occurred at the time indicated by

T, and that of the rhizoid at the time indicated by R. Deposition of new

cell wall on both cut ends seems to occur ~ 0.5 days after isolation.

R. A representative trace is shown in Figure 3. In this

segment, turgor pressure began to increase approx. 0.8

days after isolation of the segment and reached a maxi-

mum value of 2. 1 atmosphere at 2.3 days. At this point,

the protrusion ofT was observed for the first time. Soon

after the T protruded, the protrusion ofR occurred at the

cut end opposite the T protrusion.

After protrusion, both the T and R grew up to 0. 1 , 0.5,

and 1.1 mm in length at 2.7, 4.0, and 4.7 days, respec-

tively. The turgor pressure decreased gradually with the

growth and fell to 1.6 atmosphere 5 days after isolation.

This value ofturgor pressure was maintained during sub-

sequent growth (data not shown).

Discussion

The first visible sign that small segments isolated from

Bryopsis filaments have begun to regenerate is a protru-

sion of T or R at either cut end of the segments (Fig. 1).

However, the endogenous ionic currents could be clearly

detected approximately 1 2 h before the visible morpho-

logical events occurred (1-2 days in Fig. 2). The spatial

distribution of these currents changed totally by the time

at which the T or R protruded. Thus, the relationship

between these currents and the regeneration of T and R
needs to be defined.

When either T or R could be discerned, ionic currents

flowed inwards at both ends of the segment and flowed

outwards at the central region of the segment (1.5-2.5

days in Fig. 2). Both the inward and outward currents

continued to flow not only during the protrusion of T
and R, but also during the initial growth of their tips.

Therefore, it appears that the currents may play a role

in the initial processes involved in the regeneration of T
andR.

Changes in the external ionic composition showed

that both the inward and outward currents were strongly

affected by decreases in [Cl"], [Mg
2+

], or [Ca
:+

].
In the
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present study, the dependence on Ca2+ of these currents

could not be clarified. Preliminary tracer experiments us-

ing radioactive Ca:+
indicate the accumulation of Ca2+

at the growing tips ofT and R (unpub. data). It is possible

that influx ofCa2+
, which might cause the accumulation

ofCa:+
, was so small as to be undetectable as a Ca2+

cur-

rent by our vibrating probe.

It is also unlikely that Mg2+
carried a major part of

those currents, because Mg2+
generally possesses a low

membrane permeability. Mg:+
may be required for acti-

vation ofan energy-dependent ion transport system such

as the Mg
:+
-dependent proton pump in Chara (Shim-

menn and Tazawa, 1977). If a similar Mg:+
-dependent

ion transport system is present in Bryopsis segments, it

is also possible to explain the fact that the two metabolic

inhibitors examined rapidly eliminated the currents.

Therefore, we can hypothesize that a large part of the

currents was carried by Cl~. Furthermore, it is possible

that Cl circulates through an inward-outward current

pathway, because both the inward and outward currents

responded to changes in [Cl~] in a similar way. The in-

ward current may result from an efflux of Cl" and the

outward one from an influx of Cl". In the marine algae

Acetahularia (Gradmann, 1970) and Halycistis (Graves

and Gutknecht, 1977), Cl~ is taken up into the interior

of cells by an active Cl" pump. Thus, it seems likely that

Cl~ was actively taken up into the segments ofthe marine

algae Bryopsis. Consequently, Cl~ influx might be re-

corded as an outward current over the central region of

the segments, while Cl~ efflux might be recorded as the

inward current at the both cut ends, including the regions

ofTandR.
It has been shown that, in developing Fucoid eggs, an

endogenous ionic current is partly carried by Ca
2+

(Nuc-

citelli, 1978) and the current takes part in determination

of the cell's polarity via a mechanism mediated by an

intracellular distribution of microfilaments(Brawley and

Robinson, 1985). The currents observed in Bryopsis seg-

ments, however, appeared to have no role in the determi-

nation of the cell's T-R polarity, because we could find

no significant differences in magnitude and in ion depen-

dence of the inward currents observed on the T side and

the R side. Furthermore, the currents probably play no

role in normal growth, because growth continued under

conditions of no detectable currents (3-5 days in Fig. 2).

At the time at which the T and R protruded, the turgor

pressure increased to approximately twice the value dur-

ing subsequent normal growth of T and R (Fig. 3). It is

noteworthy that the period of "increased" turgor pres-

sure was compatible with the period when the currents

continued to flow. The "increased" turgor pressure is

probably caused by inflow of water coupled with some

increases in the ionic concentration in the vacuole. We

assume that Cl carried in by the outward current (Cl

influx) participated in the increase in ionic concentration

in the vacuole. In fact, the vacuolar concentration of Cl"

in the segments from which T and R protruded was ap-

proximately 60 mAI higher than the external concentra-

tion of Cl~ (unpub. data). However, in the present study
the process ofaccumulation ofCl" could not be detected

as an imbalance between the outward current (Cl" in-

flux) and the inward current (Cl" efflux).
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Ionic Currents Around Developing Embryos of Higher
Plants in Culture

KEERTI S. RATHORE AND KENNETH R. ROBINSON

Department ofBiological Sciences, Purdue University, West Lafayette. Indiana 47907

Plant cell and tissue cultures are being used extensively

to study growth and early development of higher plants.

This is because the egg cell of higher plants resides within

the sporophyte and is difficult to isolate. Somatic em-

bryogenesis offers an alternative that is being exploited

by many investigators to produce large numbers of so-

matic embryos growing under controlled conditions.

The development of somatic embryos in carrot tissue

cultures was first demonstrated by Steward et al. ( 1958)

and Reinert (1959). Asexual embryos develop from

small embryogenic cell clusters (proembryos) that are

growing in a medium containing the synthetic auxin 2,4-

dichlorophenoxyacetic acid (2,4-D). Embryo develop-

ment is initiated by removing very large cell clusters and

single differentiated cells by filtration from a suspension

culture and then transferring the small cell clusters at a

low cell density to a medium lacking the 2,4-D. Embryos

develop from these clusters and pass successively

through globular, heart, and torpedo stages, which are

similar to their zygotic counterparts (Fig. 1). This and

another system, in which tobacco pollen have been in-

duced to form haploid embryos, have now been used to

investigate endogenous currents traversing developing

higher plant embryos. The vibrating probe studies have

e the similarities between the embryos

systems and also made it possible

ariability between the so-

mati< ocies that are derived from

differenl

Brawley first to use the carrot

somatic embryc -tudy the endogenous
currents. They ,i (flow of positive

charge) enters tlu J leaves the region near

the presumptive r.u vmmetric globu-
lar embryo. This elec \ precedes differentia-

tion of vascular tissue ; n development. The

electrical polarity is maintained and strengthened during

subsequent heart and torpedo stages. Current enters the

cotyledons and it leaves the surface ofthe radicle. Similar

electrical polarity was observed in globular and heart

stage haploid embryos from tobacco pollen (Overall and

Wernicke, 1986).

Recently, Gorst el al. (1987) showed that small cell

clusters that were incubated in a medium containing 2,4-

D possessed electrical polarity. The authors suggested

that the electrical polarity was established in clusters un-

dergoing apparently disorganized proliferation in the

presence of 2,4-D, which is similar to that found in orga-

nized somatic embryos which form after removal of 2,4-

D. On this basis, they concluded that the proliferating

clusters are suppressed embryos and that their develop-

ment into embryos represents progression rather than in-

duction of embryogenesis. However, their results should

be interpreted with some caution since the measure-

ments were made on cell clusters after 8 days ofculturing

at a reduced density of 1000 clusters/ml. Borkird et al.

(1986) showed that, in certain culture lines, limited em-

bryonic development up to the globular stage was possi-

ble even in the presence of a low concentration of 2,4-D

if the cell density was lowered. Probably a better way to

test the interpretation of Gorst et al. (1987), which ad-

dresses a very important issue in our understanding of in

vitro embryogenesis, would be to carry out current mea-

surements with the proembryonic cell clusters immedi-

ately after isolating them from a suspension culture that

is maintained at high cell density. The presence ofelectri-

cal polarity at this stage would suggest an inherent mech-

anism that maintains polarity in the absence ofany phys-

ical or chemical gradients in a suspension cultures.

We have confirmed and extended the findings of

Brawley et al. (1984) with the heart and torpedo stage

somatic embryos from culture lines of a cultivated vari-

46
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Species

Daucus
carota

RCC 27

RCC 48

Stage Current pattern

Brawley
et al

(1984)

Overall &
Wernicke
(1986)

Rathore
et aj

(1988)

Figure 1 . Patterns of electrical currents measured around develop-

ing embryos in culture at globular (G). heart (H), and torpedo (T)

stages.

ety ofDaucus carota (Rathore et al.. 1988). Two culture

lines (RCC27 and RCC48) were used in our measure-

ments. The heart stage embryos from both lines had in-

ward current at the cotyledon and outward current at the

radicle. Most torpedo stage embryos from RCC27 line

also showed this current pattern. However, 5% ofthe em-

bryos at the torpedo stage from this line had an addi-

tional inward current at the tip of the radicle. On the

other hand, in all of the torpedo stage embryos from the

faster developing RCC48 line that were tested, inward

current was detected at the cotyledon as well as the tip

of the radicle and outward current left from the middle

region of the embryo. The development of inward cur-

rent at the tip of the radicle is not surprising since, in the

later stages of development, such as in a growing root of

a seedling, current does enter the meristematic and cell

elongation zone and leaves the region of maturing elon-

gated cells (Weisenseel et a!.. 1979; Miller et al.. 1986).

It seems likely that somatic embryos from certain lines

develop an inward current at the tip of the radicle at a

rather early stage of their development. Somatic em-

bryos, unlike zygotic embryos, frequently undergo pre-

cocious differentiation (Ammirato, 1987). It is possible

that the differences in the current pattern reflect differ-

ences in the extent of differentiation in somatic embryos
from the two culture lines. Our results also suggest that

one should be careful in comparing the results of bio-

chemical and molecular studies from various labora-

tories using different culture lines. Since only a small

number of embryos are required, the use of vibrating

probe also makes it possible to compare the development
of zygotic embryos with that of somatic embryos.

Localized extracellular pH measurements around tor-

pedo stage embryos from the RCC27 line showed that

the regions adjacent to the cotyledon and radicle at the

points of current entry and exit were 0.02 and 0.07 pH
units more acidic than the bulk medium, respectively

(Rathore et al.. 1988). This suggests that in addition to

the electrical polarity, there is a pH gradient along the

length of the embryo within the apoplast. Both could

play a role in embryonic development. The electrical

field set up across the embryo might result in polar trans-

port of indole-3-acetic acid (IAA). Raven (1979) sug-

gested that the longitudinal gradient of electrical poten-

tial difference (base positive to apex) in young shoots

could maintain polar transport of IAA by causing asym-
metric distribution of IAA" uniporters to the basal side

of the cell via lateral electrophoresis in the membrane

(Jaffe, 1977; Poo and Robinson, 1977; Poo, 1981). He
further suggested that, as a result of polar transport of

IAA, the basal cells would be exposed to a higher IAA
concentration and therefore have a more vigorous elec-

trogenic H +
extrusion than cells near the apex, resulting

in a larger electrical potential difference across the plas-

malemma of the basal than of the apical cells. Since the

cells are connected to each other via plasmodesmata,
there will be a flow of current from the apex to the base

within the symplast. The return loop of this current

would be in the apoplast which would set up an electrical

potential difference as measured by electrodes in contact

(via saline bridges) with the cell walls at the tip and base

of a young shoot. A positive feedback mechanism of this

kind may also exist in developing embryos. Schiavone

(1988) recently provided indirect evidence for polar

transport of IAA in somatic carrot embryos as early as

heart stage. Schiavone and Cooke (1987) used inhibitors

of polar transport of IAA to show that polar IAA trans-

port was required for normal somatic embryo develop-

ment. Polar transport ofIAA has also been demonstrated

in unripe zygotic embryos ofPhaseolus vulgaris and Acer

psnedoplantanus (Fry and Wangermann, 1976) and in

hydrated, dormant embryo sections of Finns lamberti-

ana (Greenwood and Goldsmith. 1970). The studies dis-

cussed in this paper show quite clearly that electrical po-

larity is established at a very early stage ofembryo devel-

opment. The pH gradient observed along the embryonic
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axis in the somatic embryos is also consistent with Ra-

ven's hypothesis. Thus, it is possible that the electrical

polarity initiates and maintains polar transport in the de-

veloping embryos in a manner analogous to that pro-

posed for shoots (Raven, 1979). The resultant IAA distri-

bution, in interaction with other hormones, could t

embryonic development. In addition, the dirY' m
extracellular pH could also affect cell growth i its in-

fluence on the cell wall (Rayle and Cleland. 70). Fi-

nally, there may be a substantial difference n cytoplas-

mic pH between the radicle and cotylec --ice the cells

of the radicle appear to have a more active H +-ATPase.

As a result the cytoplasmic pH of radicle cells would be

more alkaline than that ofcotyledon cells. Many cellular

functions are sensitive to pH, so this is another mecha-

nism by which the currents might act to cause or amplify

tissue polarity.
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The Use of Bioelectric Currents to Study Gravity

Perception in Roots

THOMAS BJORKMAN
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Abstract. Inhibitor-based studies of gravity perception

in plants have yielded ambiguous results because gravi-

tropism consists of many steps in series. Inhibiting any

step eliminates gravicurvature; it cannot be shown

whether gravity perception and transduction are affected

by the inhibitory treatment. The use of the vibrating

probe has allowed detection ofa response that is measur-

able independent of stimulus transmission and growth,

two post-transduction steps of gravitropism. This appli-

cation of the vibrating probe requires particular atten-

tion to artifacts. Calmodulin action and auxin transport

are both believed to be components of gravitropism and

specific roles have been proposed for them in graviper-

ception. The perception-dependent current measured

with the vibrating probe is eliminated by inhibitors of

calmodulin, but not by auxin inhibitors. Thus, the vi-

brating probe has made it possible to offer more direct

evidence for a role ofcalmodulin in transduction, and to

reject one for auxin transport in perception and trans-

duction.

Introduction

Gravitropism is a complex process that occurs in het-

erogeneous tissues. Therefore it has been difficult to

study the early events associated with gravity perception.

Gravitropic curvature is a poor measure of perception

because it can be inhibited or influenced by treatments

that do not affect perception. Further, root curvature of-

ten has a time lag of approximately half an hour. Micro-

scopic study of the perceiving cells is limited because no

physiological response can be measured. This paper de-

scribes a method that detects a response to gravipercep-

tion and transduction independently of the other steps

in gravitropism.

Electrical changes around gravitropically responsive

tissues have long been known (Schrank, 1945; Behrens

et al., 1982), although some have been artifacts or corre-

lated with later steps in gravitropism (Woodcock and

Wilkins, 1 969). To develop these observations into a use-

ful tool, a characteristic response associated with gravity

perception had to be identified. A current specific to the

perceiving region can be measured with a vibrating probe

after gravistimulation. It has been described by Bjork-

man and Leopold (1987a). This paper will further de-

scribe the technique and its validation.

The value of this technique of measuring gravipercep-

tion is demonstrated in experiments testing proposed

steps in perception. Numerous studies (reviewed by

Roux and Serlin. 1987) based on measurements of cur-

vature and calmodulin indicate that graviperception is

not calmodulin dependent, but imply that transduction

is altered through a calmodulin-dependent process from

dia- to orthogravitropism. It has not been possible to test

this hypothesis directly due to the problems outlined

above. In this paper, this new electrical response is used

to test the role ofcalmodulin in gravitropic transduction.

Altered auxin transport is a likely component of root

gravitropism (Jackson and Barlow, 1981). Evans et al.

( 1986) propose that the transport of auxin is altered in

the graviperceptive cells. The technique described herein

has also been applied to test this hypothesis (Bjorkman
and Leopold, 1987b), and indicates that transduction is

normal in the absence of auxin transport.

Materials and Methods

Plants

Three-day-old maize seedlings (Zea mays cv 'Merit';

Asgrow, Kalamazoo, Michigan) were used when the rad-

icles were 25-35 mm long.
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to-

Figure 1. Detail of top and bottom of chamber showing how root

tip was positioned and accessible to vibrating probe while preventing

loss of solution when turned. Full description in Materials and Meth-

ods.

Vibrating probe

The chamber to hold the seedlings during the experi-

ment had to meet several requirements: ( 1 ) the surface

at the root tip had to be clear to allow precise microscopic

observation of the root tip and the vibrating probe; (2)

there had to be a means of positioning the seedling within

the chamber during the experiment; (3) there had to be

access for the vibrating probe and for a calibrating elec-

trode; and (4) the chamber needed to be rotated 90 in

either direction from the vertical without draining the

solution from it.

The seedlings were held in a plexiglass chamber 10

x 10 mm at the base and 15X15 mm at the top; height

50 mm (Fig. 1 ). The upper surface had an opening large

enough to insert the seedling; this opening was then cov-

ered with a lid using lanolin to make a strong and water-

tight seal. The lid had a 1 -mm orifice through which a 24

gauge stainless steel cannula was passed and inserted into

the endosperm ofthe seedling. The cannula needed to be

;o that it displaced a minimum amount ofsolution

L> position the root tip. The orifice was
filled ;e a flexible and watertight seal.

The exler , : la was attached to a micro-

manipulator, precise positioning of the

seedling withi

Three mm fro f the chamber, a 0.7-mm
diameter hole < side to allow access

for the vibrating pn uali ng electrode. This

configuration allovv< of the apical 3 mm
of the root, the region .

; his study. The holes

were large enough that a probe could successfully be

passed through without touching the sides; probe vibra-

tion was axial. When the top of the chamber was sealed,

solution would not drain out these holes, even when the

chamber was turned on its side. While the seedling was

being placed in the solution-filled chamber, these holes

were covered with a small piece of Scotch tape (3M, St.

Paul, Minnesota) which could easily be removed. There

were two platinum black-coated platinum wires in the

bottom of the chamber to serve as reference and virtual

ground electrodes. The chamber and seedling manipula-

tor were otherwise electrically isolated from the rest of

the apparatus any stray currents produced large arti-

facts.

The chamber and the vibrating probe were mounted

on a rotatable plate (Newport Corp., Fountain Valley,

California) so that the root tip was the center of rotation.

On the plate were microtranslation stages (Newport) to

allow positioning of the seedling and the probe in three

dimensions. A stereomicroscope was fixed in front of the

apparatus to observe the specimen at 50-fold magnifica-

tion.

A suspending buffer was selected, which would allow

normal root function while having a high resistivity to

optimize the sensitivity of the vibrating probe. The me-

dium contained 0. 1 mM CaCl, ,0.1 mM MgCU ,0.1 mM
KCl,and 1 mA/morpholinoethanesulfonic acid adjusted

to pH 6 with KOH. The resistivity of this medium was

16 kOhm cm.

The electronics for the vibrating probe were built at

the National Vibrating Probe Facility, Marine Biological

Laboratory (Woods Hole, Massachusetts). The 25-jum

probe tip was vibrated 25 ^m in the axial direction. The

signal from the probe was averaged with a time constant

of 0. 1 or 2 s. The signal was amplified so that a potential

difference between the extremes of vibration of 1 nV pro-

duced a DC signal of 5 mV. Calibration of the probe was

done at several distances 50 to 200 ^m from the calibra-

tion electrode. Typically, a 1-mm deflection of the chart

corresponded to 0.02 ^A cm" 2
, and the noise level was

about 0.01 nA cm :
. Measurements were made 100 /um

from the root surface.

Results

Controlfor root surface artifacts

The surface of the maize root is covered with a muco-

polysaccharide slime containing many charged carboxyl

groups. The resulting surface charge could produce a re-

sponse in the vibrating probe that is not due to ionic cur-

rents. Corn seedlings killed by incubating for 1 h in 8%

gluteraldehyde produced no current, but approaches

closer than 25 ^m from the root cap caused typical sur-
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face effects (Scheftey, 1986). Rotating the apparatus pro-

duced no signal.

Controlsfor physical artifacts

A current-generating, but gravity-insensitive control

was needed to evaluate physical artifacts associated with

turning the apparatus. These are important, both be-

cause of the high likelihood of generating false signals

with the vibrating probe and because of the history of

physical artifacts being identified as "the geoelectric

effect" (Woodcock and Wilkins, 1969). Probable sources

of artifacts were changes in the shape and position of the

highly curved meniscus through which the probe shaft

passed, and changes in the amplitude or direction of vi-

bration with a change in position of the probe. These

were in part avoided by periodically monitoring the out-

of-phase signal. In addition, two controls were used: a

platinum black-coated platinum wire of similar dimen-

sion and electrical activity as a root and a decapped

(gravity-insensitive) root.

A 1 -mm diameter platinum wire, insulated except for

a 4-mm long section that was coated with platinum

black, produced a predicable electric field when a cur-

rent was passed through it to the virtual ground. With

the vibrating probe positioned as for measurement on a

root, the apparent current density remained constant

before turning. On turning, the reference (zero current)

value often shifted, occasionally taking up to one min-

ute to stabilize at a new value. The calibration coeffi-

cient also changed on some runs. After one minute the

readings were constant (Fig. 2). This artifact made re-

calibration at the end of the run essential and also ren-

dered the measurements in the first minute after turn-

ing meaningless.

Maize root caps can be removed with minimal dam-

age. Nevertheless, these roots generated inward currents

at the tip of 2 to 10 ^A cm" 2
, compared to the usual

1 .5 nA. cm~
:

. This current continued for several hours.

The large fields resulted in large differences in the appar-

ent current with very small changes in probe position,

thus artifacts of the expected size were not distinguish-

able from measurement error.

Response ofroots

The radial current density measured 100 ^m from

the root surface was most inward at the tip and most

outward 1000 to 1500 ^m from the tip, approx. 3 j*A

cm" 2 more outward than at the tip. This pattern was

consistent, though the absolute values at the tip ranged

from 1.5 inward to 1.5 /uA cm" 2 outward between

roots.

The current associated with graviperception was a de-
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Figure 2. (a) Original trace of effect of turning apparatus while pass-

ing a constant current, (b) Measured current density assuming constant

reference and calibration (A) or corrected for the shift in reference point

and calibration coefficient (). Horizontal line indicates actual current

density. With correction, the artifact produced by turning is substan-

tially eliminated after I min.

viation from the initial pattern. At the tip of the cap (no

graviperceptive cells) and in the elongating zone there

was no deviation (Fig. 4a, b). Only adjacent to the colu-

mella was there an effect of gravistimulation (Fig. 4c).

The response on the upper side was always distinct, be-

ginning 3 to 4 minutes after gravistimulation, and rising

to a new level 0.3 to 0.7 /*A cm"
2 more outward over 3

min. On the lower side, the response was highly variable

from root to root, and therefore was not a useful diagnos-

tic response for further experiments.
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Figure 3. Original trace of current density at upper side of columella. R indicates when the probe was

moved away from the root. This figure illustrates the characteristic current shift indicative of gravipercep-

tion. Reproduced with permission from Bjorkman and Leopold ( 1987a).

Effect ofinhibitors

Pretreatment of the roots for 10 min with calmodulin

inhibitors calmidazolium (425 fiM) and compound 48/

80 (100 Mg/ml). at doses that inhibit curvature but not

growth or initial current distribution, completely elimi-

nated the characteristic change in current (Fig. 5).

Pretreatment of the roots for 10 min with auxin trans-

port inhibitors triiodobenzoic acid (10 fiAf) and naph-

thylphthalamic acid (NPA; 1 juA/) likewise eliminated

curvature but not growth. These treatments did not elim-

inate a change in current (Fig. 6). A statistical treatment

presented in Bjorkman and Leopold (1987b) indicates

that the responses after treatment with these inhibitors

was the same as controls except that the response of the

NPA-treated roots was delayed by about 3 min.

Discussion

In exploiting the "geoelectric effect" (Schrank, 1945)

for the study of root graviperception. it must be estab-

Time after gravistimulation (min)

Current density after gravistimulation at different parts of the root, (a) Adjacent to

.'l cap. (b) Adjacent to elongating zone ( 1.5 mm from tip) which ultimately

i-nt to graviperceptive columella. Bars indicate standard deviation. Positive

currcni , i current. Redrawn with permission from Bjorkman and Leopold ( 1987a).
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Figure 5. Effect of calmodulin inhibitors on current density. Bars indicate standard deviation. Positive

current values indicate outward current. Redrawn with permission from Bjorkman and Leopold ( 1987b).

lished that the measured response is not a physical arti-

fact (e.g., Woodcock and Wilkins, 1969) nor a phenome-
non associated with later stages of gravitropism as it is in

shoots (Wilkins and Woodcock, 1965).

In conducting this experiment, two aspects of the ap-

paratus are likely to introduce artifactual responses in the

vibrating probe. First, the vibrating probe is passed

through a small hole (radius 350 ^m) having a meniscus

of a corresponding radius of curvature. These conditions

produce a static charge around the shank of the vibrating

probe that can generate a signal in phase with the signal

from the probe tip. Second, the apparatus is rotated 90.

Any change in alignment or vibration would change the

signal.

Artifacts due to the meniscus were apparent only when
the solution completely filled the orifice and the probe

shank was near an edge ofthe orifice. When the meniscus

was inside the chamber (i.e., a small bubble) and the

probed passed through the center of an air-filled orifice,

no signal was registered. Turning the apparatus did cause

both the zero-current output and the calibration coeffi-

cient to change. These stabilized within one minute after

turning (Fig. 2) and then had to be remeasured. There-

fore, these physical artifacts can be eliminated or cor-

rected for.

To associate the response with perception, it must be

appropriately correlated temporally and spatially. The

response should occur roughly coincident with the pre-

sentation time (minimum stimulation to produce a re-

sponse
= 3 to 4 min in maize). Response caused by per-

ception would take at least that long to occur. Likewise,

responses appearing after the latent period (time for
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Figure 6. Effect of auxin-transport inhibitors on current density. Bars indicate standard deviation.

Positive current values indicate outward current. Redrawn with permission from Bjorkman and Leopold

(1987b).

differential growth to begin
= 30 min in these roots) are

probably associated with growth and cannot be attrib-

uted to perception with confidence. The response should

also be associated with the tissue from which it origi-

the present experiment, an insensitive part of

cap) was used to measure non-specific

gating zone for growth-related re-

sponse esponses adjacent to the gravi-

perceptiv s there were nine combina-

tions of ti one of which fulfilled the

criteria for a iated with graviperception;

only this com!: a recognizable signal.

To be a ust . the response must be

consistent. On tin. ,l cap, the current

change was of a repe; ,0.5 ^A cm~ 2
out-

ward) with a repeatable rise time (3 min). On the lower

side, the current did change, but not in a repeatable and

recognizable manner. Therefore, only the current change

on the upper side could be applied as a measure ofgraviper-

ception. The response also occurs after artifacts due to turn-

ing have subsided. This technique will not work in tissues

where the response is expected in under 1 min, e.g., Lepi-

cliitm at 7 s (Behrens el al, 1982) because the biological

response would not be distinguished from artifacts of turn-

ing and because it would be difficult or impossible to realign

the root with the probe and to get a stable reading before

the biological response commenced.

This technique has been applied to test hypotheses

about the physiology of graviperception which has not

before been possible.
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Steady Ionic Currents Around Pea (Pisum sativum L.)

Root Tips: the Effects of Tissue Wounding

JULIA M. HUSH AND ROBYN L. OVERALL

School ofBiological Sciences, University ofSydney, N. S. W. 2006-Australia

Abstract. Using the vibrating probe, we measured the

extracellular current pattern around 4-day-old pea (Pi-

sum sativum L. var. Greenfeast) root tips. Currents of

1.0 MA cirT
2
flow into the meristematic and elongating

tip, and smaller currents (0. 1 n\ cm" 2
) leave the mature

zone basipetally behind this region. Wounding the root

3 mm from the root tip causes a very large ( 10 ^A cm" 2
)

inward current at the wound site. This disrupts the nor-

mal extracellular current pattern around the root. This

wound current is inhibitable, and we present evidence

that H +
, and particularly Ca2+

, may be involved. The

time course of these ionic current changes is described.

We propose that this wound current plays a role in the

establishment of a new polarity in the cortical cells adja-

cent to a wound in root tissue. Possible mechanisms are

discussed.

Introduction

In higher plants, the development of a new axis of

growth, such as in wound repair, characteristically in-

volves periclinal divisions and a change in the orienta-

tion of cortical microtubules to perpendicular to the new
axis ofgrowth (review: Hardham, 1 982). For example, in

the Datura stem, the cortical microtubules and cellulose

vlls adjacent to the wound undergo a

orientation (Flanders, 1985). Paren-

o a wound in plant tissue com-

monly un ;i/ation of the protoplasm so

that the prec , of cytoplasm and the plane
of cell divisi< d parallel to the longitudi-

nal axis of tht i then, the original

direction of cellul hifted by 90 as a result

of the wound stimu lenomenon has been ob-

served in large, vacuo : wounded tissues of

various higher plant spei iott and Bloch, 1940;

Venverloo el ai. 19S Anders, 1985), as well as

in parenchyma cells undergoing differentiation to form

new vascular elements as a response to wounding of the

stele (Sinnott and Bloch, 1945; Jacobs, 1970; Comer,

1978; Behnke and Schulz, 1980; Robbertse and Mc-

Cully, 1979; Hardham and McCully, 1982a, b; Schultz,

1987).

It is not known what orchestrates these changes in cel-

lular polarity adjacent to the wound. However, there is a

strong body of evidence to suggest that steady ionic cur-

rents play a role in the establishment of polarities in a

variety of systems (for review, see Nuccitelli, 1983). In-

deed, ionic currents have been recently implicated in the

process of wound healing and regeneration in higher

plants (Gensler, 1979; Davies and Schuster, 1981;Chas-

tain and Hanson, 1982; Davies, 1987; Miller el ai,

1988), and they are well established to initiate or control

wound healing in amphibians (e.g., Stump and Robin-

son, 1986).

This investigation aims to assess the role of steady

ionic currents in the polarity shifts in higher plants that

result from mechanically wounding tissue. Specifically,

we establish the pattern of extracellular currents around

growing root tips of Pisum sativum before and after me-

chanical wounding and attempt to identify the specific

ions responsible for the wound current.

The significance of these findings is discussed in light

of previous reports of ion current measurements around

growing root tips (Weisenseel etai. 1979; Bjorkmanand

Leopold, 1987a, b; Miller el ai, 1986, 1988), and also

with respect to the changes in cell polarity, which are

known to be induced by the wound incisions.

Materials and Methods

Plant material and root preparation

Pisum sativum L. var. Greenfeast (Yates and Co.

Milperra, N. S. W., Australia) seeds were surface steril-

56
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ized in 6% (W/V) NaCIO for 5 min, rinsed four times in

sterile dH :O, and aseptically germinated in petri dishes

containing 1% agar in 'A strength modified Hoaglands

solution (0.38 mM MgSO4 -7H :O: 0.34 mM NaH : .

PO4 2H 2O; 0.7 mM Ca(NO,) : 4H 2O; 1 .00 mM KNO3 ).

Seeds were grown for 4 days at 20 2C in the dark.

Seedlings bearing roots 20-30 mm in length were

placed into petri dishes (9 cm diameter). Care was taken

not to disturb the orientation of the root so as to avoid

gravitropic perturbations. A small perspex chamber (3

X 3 X 1 cm) was then positioned to enclose the root tip,

which protruded into the center of the chamber via a

hole slightly larger than the root, and sealed with white

petroleum jelly, as in Figure la. Seedlings were then em-

bedded in agar (1% in 'A Hoaglands solution as above),

which was poured into the dish at 35C. Within 15 min,

the agar had solidified and the perspex chamber was re-

moved, leaving a small well around the root tip. in which

the measuring medium (sterile 'A Hoaglands solution)

was placed (Fig. Ib). This preparation method ensured

physical stability of the seedling throughout the measur-

ing and wounding procedures. This physical stability was

found to be crucial in order to obtain consistent current

patterns. Seedlings were left in this position for 2 h before

measurements were made. Submerging roots in the 'A

Hoaglands solution did not affect root growth rate when

examined after 2, 24, and 48 hours (P > 0.05; 1 -way anal-

ysis of variance). Prior to a measurement, the petri dish

containing the horizontally oriented pea root was placed

on a gliding stage of an inverted microscope (Nikon Dia-

phot) around which the vibrating probe was assembled.

Roots were oriented horizontally during all experiments.

Current measurements

Extracellular currents were measured with a standard

one dimensional vibrating probe (Jaffe and Nuccitelli,

1974) using platinum wire probes with platinum black

balls approximately 30 ^m in diameter.

Current measurements were made by positioning the

probe 50-100 ^m from the root surface (Fig. 2) and then

moving it back to a reference position approximately 8

mm away from the root. (Sometimes, the probe could

not be brought as close as 50 ^m due to cells sloughing

from the root tip, in which case it was either positioned

as close as possible, or else a measurement had to be

missed.) This measuring procedure was repeated at 250

^m intervals around both sides of the root tip. All mea-

surements were taken on the longitudinal median plane

of the root.

Except for ion-substitution or channel-blocking exper-

iments, measurements were made in 'A Hoaglands solu-

tion, of approximately 28 12m resistivity. Replicate roots

were measured in all experiments, and current densities

Figure 1. Preparation of pea roots for measurements with the vi-

brating probe. (A) The root tip is protected by a small perspex chamber

as warm agar (1% in 'A Hoaglands solution) is poured into the petri

dish. (B) Once cooled, the agar supports and immobilizes the seedling

and the chamber is removed, leaving an agar "well" into which bathing

medium is poured.

at each root position calculated as means and standard

errors (SEM) of these replicates. No current was detected

around small wooden applicator sticks shaped to simu-

late a root tip, or small glass beads fixed to the bottom of

the dish.

The pattern of steady ionic currents was mapped
around the acropetal 4 mm of intact root tips and then

again after wounding. The time course of the ionic cur-

rent changes was followed, both around the whole root

tip and specifically at the wound site itself, while roots

were left in 'A Hoaglands solution at 22C. The sign con-

vention refers to the movement of positive charge.

Wounding

Roots were wounded by cutting and removing a wedge

of tissue 3 mm from the root tip, completely severing the

stele. This procedure was done under a dissecting micro-

scope while the root was set up in the petri dish in solu-
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Figure 2. (A) The vibrating probe in position to measure current

normal to the longitudinal axis of the pea root, as viewed from above.

(B) Probe positioned at the root surface: higher magnification.

tion, and care was taken to avoid dislodging the root dur-

ing the cutting process. Microscalpels were made for the

wound incisions by placing a triangular-shaped piece of

blade (cut from a single-edged razor blade) in a small slot

cut at one end of a wooden applicator stick, and then

applying a small drop of epoxy resin around the base of

the blade to hold it in place. A fresh microscalpel was
used for each wound and each blade was cleaned with

alcohol before use.

'on and channel-blocking experiments

wound current, about 5 min after

wounding, >

j in the control solution before

flushing the 8-ml c ith 20 ml of test solution.

The current at the v is monitored in each test

solution for about 5 min ien in the control solution

again at the end of ea

Wherever possible, tru .nd test solution
differed in the concen one molecular spe-
cies (Table I). The slight! i,j es of these
media were taken into ao when calculating current

density values. The inorganic lanthanide ions La3+ and

Gd3+
, and the organic species verapamil are known an-

tagonists of calcium-mediated membrane function (dos

Remedios, 1981). One hundred nAf lanthanum was used

on the basis of a report by Rincon and Hanson (1986),

in which LaCl 3 strongly inhibited
45Ca:+

influx in corn

roots (Km = 70 nM). Fifty nM gadolinium has been re-

ported by Bourne and Trifaro (1982) to inhibit
45Ca2+

uptake in chromaffin cells by 92% and Andrejauskas et

al. (1985) found micromolar concentrations of vera-

pamil to bind strongly to corn membranes. Lanthanum
chloride was obtained from Sigma, gadolinium chloride

from Pfaltz Bauer, Stamford, Connecticut, and vera-

pamil was a gift from Knoll Pharmaceutical Co., Whip-

pany. New Jersey.

ExtracellularpH
Wounded roots were placed onto agar dishes contain-

ing the pH indicator bromocresol purple, which appears

yellow at pH 5.2 and becomes purple at pH 6.8 (Edsall,

1969). 0.6% agar in 'A Hoaglands solution was adjusted

to pH 5.0 with HC1 (10"' M) and colored with 10 ml L" 1

of bromocresol purple solution (7 X 10~
4
A/), resulting

in a yellow/orange color (method modified from Weis-

enseel et al., 1979). Dishes were placed on a fluorescent

light box, and the color changes of the agar directly

around the wound site were observed and recorded on
color reversal (Fujichrome 100 ASA), and black and
white negative (Kodak Panatomic-X 32 ASA) film.

Results

Ionic currents traversing the unwoimded root

Three mm around the root tip a zone of large, in-

wardly directed current of about 1 .0 /uA cm~
:
exists, and

is maximal 1 .25- 1 .50 mm back from the root tip, in the

elongation zone, where the current density reaches val-

ues as high as 1 .7 ^A cm" 2

(Fig. 3). Basipetal to this in the

zone of differentiation, characterized by large, vacuolate

cells which are no longer expanding, we measured

smaller, outward currents on both sides of the root, and
current density values were typically 0. 1 M cm" 2

. The
inward current seems to continue further along one side

of the root than the other. This is an artifact due to the

time taken to map currents growing around a rapidly

growing root (the rate of root elongation in these condi-

tions is approximately 1 5 mm per day).

On two occasions, roots displayed an anomalous cur-

rent pattern for no apparent reason and these data were

excluded from the statistical analyses.

Ionic currents after wounding

Immediately after wounding the root 3 mm back from

the tip, a very large inward current with a peak of 14



IONIC CURRENTS AROUND PEA ROOT TIPS

Table I

Effects ofion-substitutions and ion-channel Mockers on pea root wound currents
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Alterations to Vj Hoaglands
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CURRENT IN

CURRENT OUT

WOUND

B

The effect of wounding the pea root 3 mm back from the

tip: current patterns around the wound site (A) 2 min after wounding
(mean

'

< 1 . 5 h after wounding ( mean SEM of
7 roots): (C) 6 i

. n SEM of6 roots); (D) 23 h after

wounding (mean oots). Diagrammatic representation of
the roots as viewed fr< >.

rents are found exclusive ;hc wound area, a dis-

tinct peak of 1.2 ^A servable over the
wound.

Five minutes after wounding ;

-splays a dis-

tinct asymmetry in the pattern scellular ion cur-

rents (Fig. 5a). This persists at the wound site even after

1 h (Fig. 5b), although partial symmetry is restored

around the rest of the root tip by this time.

Ionic composition oj the wound current

Table I shows that there is no apparent effect on the

wound current, of altering the levels of Na+
, K+

, Cl~, or

H +
in the bathing medium. A very slight wound current

enhancement appears to result from reducing external

K+
or H+

levels, or increasing Cl~ concentration. How-
ever, lowering external Ca2+

(via 1CT
4 MEGTA) dramat-

ically reduced the current (by about 40%) as did reason-

able concentrations oftwo Ca:+
ion analogues and chan-

nel blockers: 100 nAl La3+
cut the current by 50% (Fig.

6) and 50 ^/Gd3+
by about 30%. These results strongly

suggest that a Ca2+
current or Ca2+

-controlled current

may be involved in the wound response. The effects of

verapamil, a different type of calcium channel antago-

nist, were slight; it is possible that only concentrations

higher than the micromolar range employed here, would

be effective.

ExtracellularpH

Wounded roots placed on agar plates containing bro-

mocresol purple caused a strong pH shift in the agar di-

rectly around the wound, as indicated by the appearance
of a strong purple band in the agar within a few minutes,

which is focussed at the wound site (Fig. 7a). By 20 min
the alkaline region is more diffuse (Fig. 7b). and after 45-

60 min there is virtually no trace of the band at all. These

results suggest that wounding causes an H +
influx (or

OH' efflux) specifically into the wounded region of the

root. The exact timing of this reaction in the medium
was recorded accurately on color reversal film, which is

not reproduced here. This result appears to conflict with

the previous finding that an increase of 2.5 pH units in

the bathing medium does not reduce the extracellular

ionic current over the wound (Table I), as would be ex-

pected if an influx of H +
ions resulted from wounding.

This is discussed below.

Discussion

We have established that steady ionic currents traverse

growing Pisum sativum roots: current densities of about

1 pA cm 2
flow into the zone of cellular elongation be-

hind the root cap, while basipetally behind this, smaller

currents (0.1 ^A cm" 2
) flow out of the more mature re-

gion. This agrees with previous reports of extracellular

currents around horizontally growing roots of barley

(Weisenseel el a/.. 1979), Trifoliiim and Nicotiana (Mil-

ler el ai, 1986. 1988), and there is only slight variation

in current magnitude and distribution between these pat-
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CURRENT IN

CURRENT OUT

B
CURRENT IN

CURRENT OUT

Figure 5. The effect of wounding the pea root 3 mm back from the tip: current patterns traversing the

whole root tip (A) 5-10 min after wounding (mean x SEM of 4 roots); (B) 1 h after wounding (mean

SEM of 4 roots). Diagrammatic representation of the roots as viewed from above the dish.

terns. These findings are also similar to those in a series

of pioneering studies of surface potentials in onion roots

by Lund (1947) and in bean roots by Scott (1967) with

respect to the size of surface current densities and their

correlation with the different physiological zones of the

root.

The large positive current in the order of 10 /uA cm~2

that enters a newly wounded region in pea roots is of

a similar magnitude to the wound current described for

Nicotiana (Miller ct a/., 1988). The fact that this current

is inhibitable dismisses any argument that the increased

current density at the wound site is an artifact caused by
exudate from the severed vascular tissue.

The wound current displayed by newly injured pea

roots appears to involve a Ca:+
influx since the reduction

of external Ca:+ and the addition ofLa3+ and Gd3+
result

in a significant decrease of the wound current. This

agrees with data for corn roots in which injuries such as
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10

TIME (mm)

Figure 6. Representative record ofwound current inhibition by the

calcium ion channel blocker lanthanum ( 10
4
A/); note the steady de-

cline in the control wound current established in Figure 4. Calculation

of ion substitution and channel blocking effects:

J,
=

steady value of the wound current due to change in concentration

of molecular species x.

t,
= time at which J, is reached.

J2
= theoretical value of undisturbed wound current at time t, (deter-

mined by extrapolation from control current).

(J,/J ; ) X 100 = % of initial current.

cutting, chilling, or rubbing increase
45Ca2+

influx (Zoc-

chi and Hanson, 1982; Rincon and Hanson, 1986). The
fact that verapamil had only a slight effect may be be-

cause this organic blocker does not strongly inhibit Ca2+

channel activity in root plasma membranes: Rincon and
Hanson ( 1 986) also found micromolar concentrations of

verapamil to poorly inhibit
4?Ca2+

fluxes into injured
corn root cells, and Hagiwara and Byerly (1983) have re-

ported that although verapamil and D-600 are effective

in blocking the Ca2+
current of vertebrate heart and

smooth muscle, they are much less effective against the

Ca2+
channels of other membranes, which are sensitive

to the inorganic lanthanide blockers. However, the pre-
cise nature of Ca2+

involvement in the wound current

easily determined: the lanthanide inhibition does
an influx of the Ca2+

ion occurs, but the pos-
rols other ion fluxes in this situa-

tion, cannot he ruled out.

Our experime e pH indicator dye bromo-
cresol purple, altlx uantitative, provide good
evidence for an H '

,ving wounding in pea
roots, and this same been reported for

wounded corn roots ianson, 1982), using
the same method. In .unction to this was
the result from our ex

\ st the effect of rais-

ing external pH on the v i
. u j s probable that

the high buffering of the solutions was unnecessary and
masked any reduction in H +

influx incurred by the bath-

ing medium pH change. Some earlier studies concerned

more with the effects of excision on ion transport in root

segments demonstrated a decrease in the electrogenic H
+

efflux, which was reported to reverse to an H +
influx fol-

lowing more effective injury stimuli (Gronewald and

Hanson, 1 980: Chastain and Hanson, 1982). These ionic

fluxes would probably depolarize the membrane poten-
tial of the cells near the wound. Indeed, cells near a

freshly cut surface in barley roots depolarize by 90 milli-

volts (Mertz and Higinbotham, 1976). Cutting roots into

segments caused a reduction in K +
influx in barley

(Glass, 1978) and corn (Gronewald and Hanson, 1980;

Chastain and Hanson, 1982). Our data, which suggests

that there is a minimal involvement of K +
in the wound

current, is consistent with these findings.

The small outward currents that appear over the

wound site from about 2 to 6 h after wounding are inter-

B

Figure 7. Effects of wounding the pea root tip on extracellular pH.
The root is viewed from above a fluorescent light table so as to observe

the color changes of the bromocresol purple indicator (70 mM in 0.6%

agar + '/t Hoaglands solution). The dark band of agar surrounding the

wound indicates a rise in extracellular pH; (A) 5 min after wounding;
(B)20 min after wounding.
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esting: although other electrogenic events are almost cer-

tainly involved, it is possible that this phase represents a

Ca2+
efflux, since the elevation of free Ca:+

in the cytosol

will stimulate Ca2+-ATPase pumping (Mamie, 1983),

until the free Ca2+
in the cytosol is restored to control

levels.

We suggest that the drastic changes in current pattern

that occur upon wounding may orchestrate the change

in polarity in the cells near the wound.

In wounded pea roots specifically, division ofthe corti-

cal cells occurs in a plane roughly parallel to the axis of

the future strands of vascular tissue (i.e.. the longitudinal

axis), and small bands of microtubules (thought to be

equivalent to the pre-prophase band) are found at sites

corresponding to the future planes of the periclinal divi-

sions (Hardham and McCully, 1982a). We are presently

investigating the timing involved with this development

of a new cortical cell polarity, using immunocytochemi-
cal staining techniques to examine the shifts in orienta-

tion of interphase microtubule arrays.

The current may affect the cells directly, by changing

local intracellular ion concentrations, which in turn

modulate various enzymes and cytoskeletal elements.

Specifically, if cytosolic calcium levels are increased by a

Ca2+ influx as a result ofwounding, then an intracellular

Ca2+
gradient may serve to determine the new polar axis,

possibly via effects on the cortical microtubules. the poly-

merization ofwhich is known to be sensitive to Ca2+
lev-

els (Weisenberg, 1972). There is convincing evidence

that intracellular Ca2+
gradients resulting from Ca

2+
cur-

rents play a causal role in polar axis establishment in the

tip-growing plant cells of Pelvetia eggs (Robinson and

Cone, 1980) and germinating Lilium pollen grains (Reiss

el ai. 1985). Experiments to artificially induce polarity

changes in unwounded root tissue, or inhibit polarity

changes by artificially blocking the Ca2+
currents, are

planned. Alternatively, the effect of these currents may
be an indirect one: the distribution of ionic current in the

unwounded root may generate an extracellular voltage

potential in the longitudinal direction of the root, which

is the direction of cell elongation and division in this tis-

sue; wounding may stimulate a shift in the direction of

this voltage gradient by 90, to the transverse direction,

via the large inward current into the wounded side of

the root. This shift may act as an electrical signal, which

individual cells perceive and correspondingly alter their

direction of cellular orientation and of division. We are

at present investigating the effect of wounding on both

transverse and longitudinal extracellular root potentials.
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Ion Currents and Growth Regulators in

Plant Root Development
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Abstract. Factors that promote (low pH and fusicoc-

cin) or reduce (high pH and IAA) the elongation rate of

intact primary roots of Zea mays cv. Golden Bantam
increased or decreased, respectively, the density of posi-

tive current flowing into the meristematic and elongating

tissues of the developing root apex. Mature non-growing
root regions generated the outward limb of the current

loop. Ion-substitution and pH-profile experiments sug-

gested that the bulk of the ion current was carried by H +
.

Calcium ions did not carry a significant portion of the

current, but calcium appeared to regulate the proton cir-

culation since the current density was larger in calcium-

depleted media. Increased root elongation at low pH was

associated with increased current density and a basipe-

tally extended zone of inward current. Conversely, de-

creased elongation at high pH was associated with a re-

duced current density and a more restricted zone of in-

ward current. The fungal toxin fusicoccin increased the

current density of the inward limb of the ion current and

increased root extension. Concentrations of IAA that re-

duced growth also reduced the density of the inward cur-

rent and shortened the inward current zone. The effects

of both fusicoccin and IAA were dependent on the pH
of the bathing medium.

Introduction

The electrical activities of plant roots are the subject of

a considerable literature spanning more than 200 years

(see bibliography by Rosene, 1947). The possible role of

bioelectric fields as an integrating force in plant develop-

ment was suggested by Schrank (1945), who proposed
that root-generated potential differences might effect the

distribution ofgrowth regulators. Considerable effort has

been invested in elucidating aspects of the chemical con-

trol of root growth mediated by growth regulators. Part

of this research has resulted in the "acid growth hypothe-

sis of auxin action" (Cleland. 1980). According to this

hypothesis, IAA initiates cell enlargement by causing
cells to excrete hydrogen ions. The consequent acidifica-

tion of the cell wall is proposed to result in the loosening

of the wall matrix to an extent which allows turgor-

driven cell expansion. However, there have been several

reports showing that intact roots generate areas of high

pH around their growing tips (Weisenseel, Dorn and

Jaffe, 1979; O'Neil and Scott, 1983). Initially, the fungal

toxin fusicoccin (FC) was thought to provide a key to

understanding the mechanism of auxin action since it

appeared to mimic some of the effects of IAA (Marre,

1985). However, evidence now suggests that different

mechanisms may be responsible for the similar reactions

observed when auxin or FC are applied exogenously to

tissues (Kutschera and Schopfer. 1985).

The present study exploited the non-invasive nature,

high resolving power, and spatial resolution of a vibrat-

ing probe to investigate the magnitude, direction, and

ionic composition of the electrical current generated by
the primary root tips of intact Zea seedlings. The effects

of changes in external pH and exogenously applied FC
and IAA on this current are also determined. The inter-

relationships between endogenous current, external pH,

growth regulatory substances, and root development are

discussed.

Materials and Methods

Roots ofZea mays cv. Golden Bantam were examined

with a vibrating probe when immersed in experimental

media based on APW (Artificial Pond Water: 1.0 mol
m' 3

NaCl, 0.1 mol irT
3
KC1. and 0.1 mol irT

3 CaCl2 ).

Solutions used during ion-substitution experiments were

isosmotic; K +
and Ca2+

were replaced with Na+
, Na

+

with K +
, and Cl~ with SO4

2
~. EGTA at 1.0 mol m~ 3 was

added to the Ca2+
-free medium to reduce further the ex-
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trace! .ium concentration. Media pH's were ad-

justed to 3.0, 5.0, 6.0, 6.5, or 7.0 using 0.1 mol rrT
3 HC1

or NaOH (KOH in the case of the Na:+
-free medium,

and H 2SO4 for the Cr-free medium). The media used

in the IAA experiments were similar to those described

above but for the addition of 10""M IAA (Sigma Chemi-

cal Co.). At this concentration, IAA inhibits primary

root growth in Zea and causes an increase in the pH of

the bathing medium (Evans el a/., 1980). Fusicoccin

(Sigma Chemical Co.) was added to the various APW-

based media at 10"
6M final concentration. This concen-

tration promotes root elongation ofZea (Pilet, 1 976). All

media were air-saturated and equilibrated at 20C prior

to experimentation.

Caryopsis ofZea were sown in seed trays between dou-

ble layers of paper tissues soaked in APW. These were

kept in darkness at 1 8-20C for four days. Seedlings that

had developed similar root lengths were selected and

placed in 1 liter pots containing aerated APW for 24

hours prior to experimentation.

Intact seedlings were used exclusively during experi-

mentation, and mounted according to Miller et al

(1988). The magnitudes and patterns of the ion currents

generated by growing roots of Zea were measured with a

vibrating probe as described by Miller el al. (1988).

Roots were either scanned at 250-^m intervals from the

root tip back some 4-5 mm to mature root regions (Figs.

1, 3, 5), at similar intervals across the zone where current

changes from inward to outward (Fig. 2) or, again at sim-

ilar intervals, across a 2-mm region representing the peak

of the inward current zone (Figs. 4. 6).

To identify which ion(s) were carrying the external

limb of the ion current, two approaches were adopted.

First, the component ions of APW were selectively re-

moved from the bathing medium. This was achieved by

mapping the current with a root bathed in one medium,

then flushing a new medium minus a particular ion

through the measuring chamber and rapidly re-mapping

the current profile. The media used in these substitutions

experiments were described earlier. The second ap-

proach was to map the current pattern and density in

media of different pH's (3, 5. 6, & 7). The time-scale of

ion-substitution and pH-profile were mini-

mizei :ch as possible to avoid the longer term

effects of changi . -nic environment or in the ex-

ternal pH on e us current generation. Root ex-

tension rate n vere made on an inverted

microscope with am ic e-piece.

ults

Pattern ofion-current ,t;<
'

Three zones could be dist! \ .;h respect to the

direction ofcurrent flow re ace ofthe root

Figure 1. Pattern and density of ion current traversing 6-day-old

Zea roots growing horizontally in APW at pH 6.0 (). Stimulation of

inward current resulting from replacement ofAPW with APW + 10""

M FC (O) at pH 6.0. Averages from 6 experiments SEM.

(Fig. 1 ). (i) A zone of outward current associated with the

root cap. (ii) A zone of strong inward current beginning

with the meristematic tissue and peaking approximately

at the region of maximum cell elongation, (iii) A second

major region ofoutward current that was associated with

the region of the root where cells were elongating much

less vigorously and entering into a post-elongating phase.

This indicates the beginning of mature root tissue.

Where "outward current" is subsequently mentioned in

the text it refers specifically to that associated with the

mature cells of the root and not the root cap.

lon-snhxlilulion experiments

The elimination ofNa +
, K+

, and Cl~ from the measur-

ing medium had little effect on the inward current, re-

ducing mean peak inward current densities (MPICD) by

7%, 17%, and 15%, respectively (Fig. 2). On the other

hand, the removal ofCa:+
resulted in a small increase in

the MPICD in the order ofsome 1 5%.. The current cross-

over point, where inward current switches to outward

current, was maintained (except after K+
-substitution) at

approximately to same distance from the root apex

(2.75-3.25 mm). These results suggest that these inor-

ganic ions carry little of the inward current associated

with the developing primary root tip of Zea. From this

one can infer that the electrical current may be due

mainly to a circulating flux of protons.

Relationship between current density, pH and

root growlh

To support the suggestion that protons were carrying

most of the inward current, the magnitude and pattern
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Figure 2. Ion substitution experiment on Zea in APW. Six-day-old

seedlings were used with the media adjusted to pH 6.0. The effect on

the current density and pattern of removing Na
+
(O), K+

(), Cl~ (D),

and Ca : *

(A) compared to an APW control () is shown. Each point

represents the mean value from three separate ion-substitution experi-

ments.

of the circulating current was monitored rapidly while

the extracellular pH was adjusted between 3.0 and 7.0

(Fig. 3). Increasing the external pH resulted in an imme-

diate reduction of the current density and a decrease in

the elongation rate ofthe root (Table I). Roots exposed to

more acidic pH's generated larger current densities and

extended faster. These observations supported the pro-

posal that protons carried the major component of the

inward current and indicated a correlation between

growth rate, pH, and current density. There also ap-

peared to be a basipetal extension of the zone of inward

current as the external pH fell and an acropetal compres-

sion of it as the pH increased.

Effects offusicoccin on the root-generated ion current

and root growth

The effect of 10~
6 M fusicoccin on the ion current is

illustrated in Figure 1. At pH 6.0, fusicoccin induced an

approximate 3-fold increase in the inward limb of the

current with little or no apparent stimulation of the out-

ward limb over the length of root examined. Fusicoccin

treatment also reversed the small outward current associ-

ated with the root cap. The current cross-over point was

unaltered following fusicoccin treatment. The current

profiles displayed in Figure 4 illustrates the relationship

between fusicoccin. pH, and current density. At pH 7.0,

o 10

Figure 3. The relationship between the pH of the APW bathing

medium and the pattern and density of current traversing a 6-day-old

Zea root is illustrated. Media at pH 3.0 (A). 5.0 (A). 6.0 (O), and 7.0

() were flushed through the measuring chamber.

fusicoccin induces an approximated 8-fold increase in

current density, at pH 6.0, a 3-fold increase, and at pH
5.0 an approximate doubling. Fusicoccin stimulated the

growth of intact Zea roots to varying degrees, being most

Table I

Elongation rates ofprimary root tips of Zea

Growth Rate

PH APW APW+ Ifr'A/IAA APW+lfl-'AfFC

3.0
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Figure 4. The enhanced rooi-generated current induced by 10
6 M

FC at pH 5.0 (A). 6.0 (D). and 7.0 (O) are compared with their respec-

tive APW controls (A). () and (). Six-day-old seedlings were utilized.

effective at pH 6.0, where it induced more that a dou-

bling of the elongation rate. At the upper (pH 7.0) and
lower (pH 3.0) limits of the pH range, the promotive
effects of fusicoccin on growth were not so apparent in

comparison with controls (Table I). It was clear that the

absence of K+
had little effect on the enhanced inward

current density over the length of the root examined

(Fig. 5).

Effects ofI.'LA on the root-generated ion current and root

growth

exogenous presence of 1 0" 6 A/IAA
~.u reduced the density of the in-

also induced a shift towards
the r 5-over point (i.e., acrope-
tally comprt ird current). The effects

of IAA were the pH of the experi-
mental med of growth rates mea-
sured at pH 3 -

a roots was inhib-
ited by the pres i. This inhibition ap-
peared to be ph , eater inhibition at

high pH. As shou
i, the reduction in

growth rate resulting PH of the bathing

medium (in the absence of IAA) was also associated with

a reduction in inward current density and an acropetal

compression of the region of the root associated with in-

ward current.

Discussion

The ion current pattern detected in the medium sur-

rounding primary root tips of Zea indicated clearly that

positive current flowed into those parts of the root that

were responsible for division, differentiation, and

growth: the meristematic and elongating tissues. Mature

root regions were responsible for generating the bulk of

the outward current. These results are consistent with

previous investigations of root growth made with vibrat-

ing electrodes (Weisensed et al, 1979; Behrens et ai,

1982; Miller et al, 1986, 1988; Miller and Gow, 1989).

The suggestion that H +
ions may be a major component

carrying the endogenous current supports earlier reports

where protons have been identified as the major current-

carrying ion in both freshwater and terrestrial plants

(Weisenseel et ai, 1979; Brawley et ai, 1984; Dorn and

Weisenseel, 1984). This apparent influx of H +
ions into

the apex of intact Zea roots would appear to be at odds

with the acid growth hypothesis. However, there is evi-

dence that Zea root-tip segments acidify their bathing
medium and respond to low pH (Edwards and Scott,

1974). It was recently reported that H +
ions flow into the

apex of intact Zea roots as far back as 3 mm from the tip

(Bjorkman and Leopold, 1987). This region of current

influx can be considered to be well within the elongation
zone of Zea (Pilet and Senn, 1980). The proposition that

roots generate a region of high pH around their growing

tips is not new (Weisenseel et ai, 1979), and such alka-

line environments correspond to the region ofmaximum

Figure 5. The effect of removing K
+ on FC-stimulated inward cur-

rent. Current was mapped around 6-day-old Zea roots in the following

sequence: APW control (). APW + 10~
6 M FC () followed by APW

- K" + 10 M/FCO.
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Figure 6. Effect of exogenously applied 1CT
4 M IAA on the current

pattern generated by 6 day old Zea roots. The effects of IAA at pH
5.0 (A), 6.5 (D), and 7.0 (O) are compared with their respective APW
controls: (A). (). and ().

cell elongation (O'Neil and Scott, 1983). It is significant

that in all cases where an alkalinization of the growing

tip environment has been reported, intact plants were

used as experimental material. In some experiments, ac-

tivation of growth in root segments by low pH and low

pH-inducing factors (i.e.. IAA and fusicoccin) may have

resulted from accelerated recovery from excision or abra-

sion injury (Hanson and Trewavas, 1982).

It is difficult to reconcile the proposition that fusicoc-

cin enhances just a proton influx with more than a de-

cade of work suggesting it stimulates energy-linked net

H+
efflux (Marre, 1985). Although we detected no fusi-

coccin-induced stimulation ofthe outward current in the

apical 5 mm of roots (Fig. 5), this represents only a small

portion of the total root surface area of a 6-day-old seed-

ling. Therefore, our data may represent only one limb

ofan enhanced ion circulation stimulated by fusicoccin.

Some concern has been expressed about the validity of

comparing results obtained from exposing fusicoccin to

excised tissues, to those derived (as in this case) from in-

tact tissues (Gronewald, Cheeseman and Hanson, 1979).
In addition, little consideration has been given to the

effect of fusicoccin on tissues of different developmental
states. Where this has been taken into account, it would
appear that the capacity of root tissues to acidify their

bathing medium in the presence of fusicoccin increases

with the age and the differentiation of the root (Gabella
and Pilet, 1979). The integration of the effects of fusicoc-

cin on intact roots into a spatially separated yet balanced
flux may explain the observed lack of cytostolic pH per-
turbation experienced in the presence of fusicoccin

(Roberts et a!.. 198 1 ). The stimulated inward current in

the presence of fusicoccin was clearly not due to in-

creased K +
uptake (Marre. 1985), as removal ofK+

ions

from the measuring medium had no significant effect on
the enhanced inward current density.

The presence of exogenous IAA caused a reduction in

the inward current density at all pH's examined. The
effectiveness of IAA in reducing inward current density
falls with decreasing pH. IAA also caused an acropetal
shift of the point where inward switches to outward cur-

rent, thereby reducing the volume of tissue traversed by
an inward current.

In general, factors that promoted (low pH and fusicoc-

cin) or reduced (high pH and IAA) the elongation of in-

tact primary roots of Zea, increased or decreased respec-

tively the density of current flowing into meristematic

and elongating tissues. The effective stimulation of elon-

gation by fusicoccin did not show any linear pattern as

pH is reduced from pH 7.0 to 3.0. However, the effect of

fusicoccin on inward current density did show a trend

across this pH range: the amount of fusicoccin-induced

current enhancement fell as pH was reduced. Therefore,

there appears to be a complex relationship between ap-

plied fusicoccin, pH. and root metabolism (including

growth).

There also appears to be a complex relationship be-

tween external pH, pCa, applied IAA, and root elonga-

tion (Hasenstein and Evans, 1986). The uptake of IAA

(and therefore its cytosolic concentration) may be pH-
dependent (Martin and Pilet, 1987). In addition, what

effect exogenous IAA has on intact roots may depend
both on the concentration ofIAA and on the initial elon-

gation of the root. Pilet and Saugy (1987) have reported

that slow growing roots were all inhibited by exogenous
IAA (at any concentration), whereas the elongation of

fast growing roots may even have been promoted by IAA
at low concentrations. These observations are reflected

in the IAA related data presented in Table I. At pH 7.0,

when the roots were growing slowly, the effect of 10~
4M

IAA was to reduce the elongation rate ofthe root by some
90%. However, at pH 3.0, IAA had a negligible effect on

elongation. It is not clear whether this is due to the initial
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ie root as influenced by the pH of

3 medium, the effect of pH on the uptake ki-

netics of IAA, or a combination of both.

It is suggested that the root-generated ionic current as-

sociated with the primary root tips of Zea is due primar-

ily to the circulation of protons, with Ca:+
ions perhaps

playing a regulatory role. The extension rate of the root

generally correlated with the density of current entering

actively dividing and elongating cells. Factors that pro-

moted (low pH and fusicoccin) or restricted (high pH or

IAA) root growth, enhanced or reduced the root gener-

ated current, respectively.
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Abstract. The steady-state membrane potentials of the

nurse cells of Drosophila melanogaster incubated in a

Ringer's solution containing 2.5 mAf K +
averaged 5.2

mV more negative than those of oocytes to which they

were attached by intercellular bridges (n = 159; P
< 0.001, paired t-test). In sodium azide, the resting po-

tentials of the two cells diminished from a range of 50

to 70 mV to an average of 10 mV, and the trans-

bridge difference disappeared. Therefore, the trans-

bridge difference is dependent upon metabolic energy.

Lucifer yellow CH, when microinjected into either nurse

cells or oocytes, became distributed in less than 30 min

in a manner to be expected for a negatively charged fluo-

rochrome in an electrically polarized system. Polarity

was even more striking in this study than reported earlier

for Drosophila follicles incubated in a higher K+ medium

(Woodruff etal., 1988).

Introduction

In living cells, electrical currents can influence the dis-

tribution of charged molecules. This concept, so ele-

gantly proposed by Jaffe (1969) as a consequence of the

electrical currents he had shown to flow through the de-

veloping Fuciis egg, has been most graphically demon-

strated in the ovarian complexes of insects. There it has

been visualized through the use of a number of fluores-

cein-conjugated or rhodamine-conjugated proteins

(Woodruffand Telfer, 1973; 1980; Woodruffand Ander-

son, 1984; Woodruff etal.. 1988).

Charge-dependent movement has been shown in the

polytrophic follicles of Hyalophora to manifest itself

across the nurse cell-oocyte intercellular bridges (Wood-
ruffand Telfer, 1973, 1980) and in the telotrophic ova-

ries of Oncopeltns faciatus (Woodruff and Anderson.

1984), Dysdercus intermediits (Munz and Dittmann,

1 987), and Rhodnius prolixus (Telfer el a/.. 1 98 1 ) within

the syncitial tropharium (particularly between the core

and peripheral nurse cells). In each of these insects, the

charge-dependent movement is accompanied by electri-

cal gradients that correlate with the direction in which a

charged molecule's movement is enhanced.

The polytrophic follicles of Drosophila are morpho-

logically and functionally similar to those of Hyalo-

phora, with nurse cells providing large amounts ofRNA,
while the oocyte accumulates yolk from the blood by en-

docytosis. While extrafollicular currents around the folli-

cles had been recorded (Bohrmann el al., 1984; 1986a;

Jaffe and Overall, 1985), when Bohrmann el al. ( 1986b)

and Sun and Wyman (1987) measured the membrane

potentials and Bohrmann and Gutzeit ( 1 987) studied the

influence of charge on the distribution of microinjected

fluorescent probes, they were unable to confirm the re-

sults seen in Hyalophora. However, Woodruff el al.

(1988), using the same incubation medium as Bohr-

mann el al.. recently reported an average -2.5 mV po-

tential difference between nurse cells and the individual

oocyte to which each was attached. They also found that

microinjected positively charged fluorescent protein de-

tectably crossed the oocyte-nurse cell bridges only from

the oocyte to the trophic cells, while its methylcarboxy-

lated, negatively charged form migrated detectably only
in the opposite direction.

In this paper I show: that when the measurements are

made in Sun and Wyman's medium the potential

difference between oocytes and their attached nurse cells

is even greater than previously reported by Woodruff et

al.: that most of the resting potential of both oocytes and

nurse cells is Azide-sensitive and thus dependent on met-

abolic energy; that the influence or charge on molecular

distribution is also energy dependent; and that Lucifer

yellow CH, which can more easily be injected into cells

than fluorescent proteins, can be used to study this

charge-dependent movement.
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Materials and Methods

Drosophila melanogaster (Oregon red) individuals

were raised on standard Drosophila medium. Flies were

removed from the culture each day. The following day,

all newly emerged flies were transfered to a new culture

tube, to be used on the third day after emergence.

Chilled, unetherized females were decapitated and im-

mersed in dissecting/incubation medium for removal of

ovaries. The ovaries were transfered by pipette to a dish

containing medium with collagenase (see below), where

they were incubated at room temperature for a brief pe-

riod ofabout five minutes (Sun and Wyman, 1987). This

enzyme digestion softens the basement membrane (also

called "tunica propria," King, 1970) and allows much
easier penetration with microelectrodes. After separa-

tion, follicles were transfered by a transfer pipette con-

sisting of heat-pulled polyethelene tubing (Intermedic)

attached to a 10-^1 Hamilton syringe, to an open-top
chamber for electrophysiology, or to a Kiehart chamber

(Kiehart. 1981) for microinjection. The "open" side of a

Kiehart chamber was sealed with vegetable oil to prevent

evaporation. If iontophoretic injection is planned, the

Ag-AgCl ground wire must be inserted before the oil seal

is made. Inserting the ground through the oil coats and

insulates the wire.

Solutions

The dissection/incubation solution was that used by
Sun and Wyman (1987) and consisted of (mA/): sodium

glutamate, 50; MgCl2 , 15; CaSO4 , 5; KC1, 2.5; glucose,

10; Hepes, 5; fructose, 10; sucrose to adjust medium to

300 mOsmols. For enzyme digestion, 1 mg/ml of colla-

genase (Sigma) was added to this medium. Lucifer yel-

low, a gift from Walter Stewart, or purchased from

Sigma, was used as a 1% solution in distilled water. Both

sources were satisfactory.

Electrophysiology

Three molar KC1 capillary glass electrodes with tip re-

-35 Mohms were attached to World Preci-

nts (WPI) 750 dual microprobe electrode

holders ant >.mp!ifiers. The output from each WPI
preamplif d to a Tektronix 5103 storage

oscilloscope. a Hewlett-Packard 3476B digi-
tal multimeter. 'ed a digital readout to 0.1

mV of potential \ lement of cells was accom-
plished by bringing -s into contact with the

appropriate cells and the ;" each electrode by a

momentary increase in c compensation. With
oocyte measurem, care was taken to in-

sure that penetration \v intended cell and not

into the epithelium. This was confirmed visually and also

electrically by the effect on the other impaling electrode

of a 1 nA current pulse.

Microinjections

While previous microinjections (Bohrmann and Gut-

zeit. 1987; Woodruffs a/., 1988) had been accomplished

by pressure, the Lucifer yellow used in the present study

could be iontophoresed into the cells. Although this

study employed a custom-built constant current source,

Lucifer yellow can be injected using a nine volt radio bat-

tery as the power source. Following insertion of the dye
electrode into the target cell, sufficient current was used

to cause the cell to become, at the end of a 2-min injec-

tion, easily seen on the video monitor while using fluo-

rescence optics.

Microscopy/video

Electrophysiology was performed on an Olympus
CK2 inverted microscope modified for transmitted

oblique illumination. Two stage-mounted Narishige

model MO-501 Emerson-type micromanipulators car-

ried the electrode holders. For microinjection, a Olym-
pus IMT (1) inverted microscope with epi-illumination

for fluorescence was used. This microscope also was fit-

ted for transmitted oblique illumination. Trans-oblique

and/or fluorescent images were captured with a Dage-
MTI 65 Newvicon video camera employing autogain
and autoblack level, and recorded on a JVC BR-9000U
'/2 inch VHS time-lapse video recorder. No special video

enhancement equipment was used. One of the Narishige

micromanipulators described above was employed.

Estimation ofrelative Lucifer yellow concentrations

The length through the tissue of both the exciting and

emitted light rays, as well as the opacity of the tissue,

affect the strength of the fluorescent signal. These vari-

ables make attempts to determine the concentration of a

single fluorochrome rather imprecise. Estimates of the

relative concentration of Lucifer yellow between injected

nurse cells or oocytes and their bridged partners were

made in the following manner. Lucifer yellow was di-

luted until the strength of its fluorescent emission from

a 0.8 mm I.D. capillary tube matched that seen in the

injected cells. Identical tubes were filled with two-fold,

four-fold, and eight-fold dilutions of this solution. Each

dilution tube was placed next to the original on the stage

of the fluorescence microscope, and the original together

with each tube in turn was photographed from the video

monitor with the same conditions of brightness, con-

trast, exposure, and development used to photograph
cells. Photomicrographs of cell fluorescence were then
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compared to these standards to give an estimate of the

Lucifer yellow concentration in the bridged cell relative

to that of the injected cell.

Results

Determination ofelectrode reliability

A special concern with dual-electrode microelectro-

physiology is whether the electrodes have equal gain. To
insure maximum confidence that the equipment yielded

valid readings, the following strategies were employed.

( 1 ) At the start of each day, electrodes were balanced and

both were used to impale a single oocyte or nurse cell to

insure that both gave equal readings. This test was re-

peated several times a day. (2) Throughout this study,

readings were accepted only if neither electrode showed
more than 1 mV drift when electrodes were removed
from the cells being measured. (3) In several cases,

(>30%) both electrodes were withdrawn and checked to

confirm 1 mV or less drift, minor re-zeroing was per-

formed if necessary and the electrodes were reinserted to

confirm the original reading. If lower values were found,

only these values were used in compiling the data. How-
ever, values recorded were always simultaneously paired

readings ofthe oocyte and attached nurse cell. (4) A more

rigorous test was conducted on ten follicles selected at

random (one each day on ten separate days). After bal-

ancing, electrodes were first brought into contact with

the oocyte, then a nurse cell. Penetration was accom-

plished by ringing each electrode, oocyte first, then nurse

cell. After the potentials and the intercellular differences

were recorded, the electrodes were withdrawn and

checked for drift (Fig. 1). They were then reinserted as

above, but in the opposite order to check the possibility

that the order of impalement influenced the cell poten-

tials and hence the intercellular difference. Electrodes

were withdrawn into the medium and reinserted in the

original order, and withdrawn yet again. Finally the two

electrodes were inserted into the oocyte to determine that

they continued to give the same readings when in a com-

mon cytoplasm. Eight of the ten follicle readings sub-

jected to this procedure passed all criteria. One of the ten

failed when, prior to final simultaneous insertion into the

oocyte, the nurse cell electrode developed a 4-mV drift.

Another failed when, on third impalement, the oocyte

had depolarized and was 8-mV less negative than during
the previous two impalements.

The electrical gradient between oocytes and nurse cells

Since each nurse cell is attached to a particular oocyte,

it is the difference between these two cells that is of para-
mount importance. It is particularly important to recog-

nize this if the cell resting potentials vary considerably.

Figure 1. Polaroid screen-camera photograph of the oscilloscope
screen during measurement of the steady-state potentials of an oocyte

(-70 mV), and one of its attached nurse cells (-75 mV). At the start of

the recording both electrodes were balanced. At "a" one electrode was

brought into contact with the oocyte the positive deflection shown was
often observed and is believed to be an artifact caused by stretching of

the membrane across the tip of the electrode. At "b" the other electrode

is placed in contact with the nurse cell. At "c" and "d" the oocyte and
nurse cell electrodes respectively were "rung" by an increase in capaci-

tance compensation and entered their cells. At "e" the oscilloscope

channel recording the nurse cell was inverted to identify the nurse cell

trace. The oocyte electrode ("f") and the nurse cell electrode ("g") were

withdrawn, their return to zero confirming that neither had undergone
drift during the measurement.

as they do in insect follicles. As in the earlier study by
Woodruffs al. (1988), my study employed the paired t-

test for compairing nurse cell and oocyte potentials. For

159 paired measurements from 81 different stage 10 fol-

licles there was an average oocyte to nurse cell potential

difference of-5.2 5. 1 mV, P = <0.001. The large stan-

dard deviation is primarily the result of several measure-

ments in which the difference was as much as -21 mV.
In 10 of the 1 59 measurements the oocyte was more elec-

tronegative than the attached nurse cell; in 12 measure-

ments the oocyte and attached nurse cell had equal po-
tentials. For the remaining 127, an electrical gradient of
-

1 to -2 1 mV, nurse cell negative, was revealed (Fig. 1 ).

In this medium, the average oocyte potential was -60.6

10.8 mV, while the average for the nurse cells was
-65.8 10.2 mV (Table I). The follicles were sensitive

to changes in aK+
of the medium (data not shown), but

with a slope of less than 58 mV/decade change in con-

centration, indicating the presence of at least one other

permeant ion.

Ten follicles were entered without the aid of collagen-
ase digestion. These follicles displayed the same steady-

state potentials as did those which had been subjected to

enzyme digestion. Nor did addition of collagenase to the

incubation medium appear to effect any change in the

steady-state potentials of a follicle being measured at the

time. However, untreated follicles were vastly harder to
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Figure 2. Nurse cell potential plotted against oocyte potential for

159 paired measurements. Satellite dots affixed to the * indicate addi-

tional pairs with the same values. The line has been drawn through the

equipotential values, points below the line show nurse cell negative to

oocyte.

enter without causing damage. Enzyme-treated follicles

routinely had input resistances in excess of 1 Mohm,
while those entered without prior enzyme digestion had

resistances estimated to be on the order of 200-500

Kohms.

Stage 8-9 follicles were less intensely studied, but for

66 cases the mean difference was 5.5 5.7 mV and

P = <0.001, with an average oocyte potential of -60.7

12.2 mV and an average nurse cell potential of -66.3

10.3 mV. They also had input resistances of over 1

Mohm.

rgy dependence ofthe resting potential

e used to suppress cytoplasmic
i. 1965a). A 10-mA/ concentration,

the same > affect electrogenic pumps in

Neurospu 1965b), has been used to

reveal that abi: ibrane potential in Hyalo-

phora is depen energy (Stynan el al.

1983). To deter bridge potential and a

portion of the itials of oocytes and
nurse cells in Dn^, ,t upon metabolic

energy, follicles icdium containing
10 mA/azide. Within \vith azide, the

potentials had decreased ;c average potential

for 15 azide-treated oocytes was -10.6 2.6 mV and

for 35 nurse cells it was -9.8 2.9 mV. There was no

significant difference when the measurements were ana-

lyzed by paired t-test. It would appear that 83% or more

of the steady-state potential and all of the trans-bridge

potential relies upon metabolic energy.

Iontophoresis ofLucifer yellow

Lucifer yellow microinjected into a nurse cell was de-

tectable within 5 min in the oocyte (Figs. 3a-b, 4a-c, 5).

In fact, the influence of the nurse cell-oocyte bridge gra-

dient is so effective on this very mobile, negatively

charged molecule that over a period of 30 minutes it ap-

peared more concentrated in the oocyte than in the in-

jected nurse cell (Figs. 4, 5). In the video record, no fur-

ther noticeable change showed after 20 min, indicating

that the distribution had either reached or was quite close

to the final equilibrium concentrations. Comparison
with relative concentration standards explained above

indicated that the equilibrium concentration in the oo-

cyte was greater than that in the nurse cell, but that the

difference was less than two-fold. Similar results were

seen in 25 follicles. When the fluorochrome was injected

into an oocyte, it appeared to remain there, as can be

seen in Figure 3c-d and Figure 4d-f. Oocyte injections

were made in 25 different follicles. In none of these folli-

cles was the dye detectable in the nurse cells at the level

of sensitivity employed.

Injection of the dye into cells incubating in medium

containing 10 mAf azide revealed the energy-depen-

dence of the bridge polarity (Fig. 6). Within 4 min the

dye could be seen in the lowest tier of nurse cells. The

dye was visible in the second tier at 16 min and often

began to show in all but the most anterior nurse cells.

Table I

Oocyte to nurse cell potential differences and steady-state potential

for siage 10follicles (in ml-')

n =
1 59

% Nurse cell negative to oocyte = 79.9

% Nurse cell positive to oocyte
= 6.3

% Nurse cell and oocyte equally electronegative
= 7.5

Average nurse cell to oocyte potential difference = -5. 1 57 5.06

P= <0.001 (paired t-test)
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Figure 3. Photographs from the video screen of trans-oblique illu-

mination and Fluorescence images recorded with a newvicon camera

showing Lucifer yellow injected Dmsophila follicles. The injection nee-

dle can be seen impaling a nurse cell in A. B is the fluorescence image
taken 15 min after the injection. Note the lack of detectable dye-cou-

pling. In C the injection was into an oocyte. D is the fluorescence image
recorded 20 mm later.

This experiment was repeated 10 times with the same

results in each case.

An additional observation emerging from these exper-

iments was the undetectability of dye-coupling between

the oocyte and the follicle epithelial cells (Figs. 2-6). This

facilitated the interpretation of dye movement through
the intercellular bridges because it ruled out the possibil-

ity of an indirect route of migration between oocyte and

nurse cells via the epithelium.

Discussion

The results confirm a charge-dependent polarizing

effect operating within the nurse cell-oocyte intercellular

bridges. This effect, previously shown to modulate the

movement of positive or negative microinjected proteins

( Woodruff" el til.. 1988). also influences the distribution

of Lucifer yellow CH, a small, highly mobile, negatively

charged molecule soluble in the aqueous phase of the cy-

tosol (Stewart, 1978). Dye injected into the oocyte does

not cross the intercellular bridges into nurse cells in de-

tectable amounts, but when injected into nurse cells it

not only detectably crosses into the oocyte, but actually

becomes more concentrated there. Furthermore, the re-

sults confirm, in a very different incubation medium, the

electrical gradient described for Drosophila by Woodruff
el al. ( 1 988) and suggested to be responsible for enforcing
this polarity.

An important observation made during this study
concerned the level ofdye detection. When dye injection

into an oocyte had made the cell clearly fluorescent on
the video screen, viewing through the oculars revealed a

low level of fluorescence that was above autofluorescence

in some nurse cells. This low level remained undetect-

able with the video system. Because the newvicon cam-
era is not as sensitive as the dark-adapted eye, less dye
needed to be injected into a cell when it was observed

through the oculars. And at this reduced dye level no

nurse cell fluorescence was observed. Presumably, with

a SIT camera, one would again be able to detect some

dye in nurse cells, until the level of injection was further

reduced to match the increased sensitivity of the detec-

tion equipment. Such observations underscore the fact

that the polarized nature of the nurse cell-oocyte bridges

does not completely preclude the movement of charged

molecules, but rather affects the equilibrium concentra-

tion of such molecules on either side of the bridge (Jaffe,

1977;TelfertYa/., 1981).

The effectiveness ofthe ability ofthe electrical gradient

to influence concentrations is strikingly illustrated in

Figure 5, showing the movement of Lucifer yellow from

an injected nurse cell. The dye not only moves detectably

into the oocyte, but eventually becomes more concen-

trated there. The observation is made possible by an ap-

parent absence of adsorption to cytoplasmic structures,

which is a chronic problem with the fluorescent protein

probes that we have used to demonstrate polarity. While

Lucifer yellow will eventually bind to cytoplasmic struc-

tures, it remains free in the aqueous phase of the cytosol

for at least 30 min (deLaat et al.. 1980).

Concerning the relative concentrations of fluoro-

chrome among cells of the follicle: when a nurse cell was

microinjected with Lucifer yellow, the fluorochrome en-

tered the oocyte and eventually caused brighter fluores-

cence there than in the injected cell. Comparison with

the standards described in Materials and Methods sug-

gested the eventual equilibrium concentrations were

reached when the apparent concentration in the oocyte
was more than 1 : 1 but less than two-fold greater than

that in the injected nurse cell. Lucifer yellow CH is a dili-
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Figure 4. Photographs taken from the video screen. A, B, and C show an injection of Lucifer yellow

into a nurse cell, followed by a 1-h incubation. The negative lluorochrome migrates via the intercellular

bridge into the oocyte, becoming more concentrated there. The uneven appearance of the oocyte fluores-

cence in C is an artifact ofthe recording. D. E, and F show that, when injected into an oocyte and incubated,

in this case for 48 min, no detectable levels of dye are seen in the nurse cell.

thium salt (Stewart, 1978) and thus in solution would
have two negative charges. From the Nernst equation we
would expect for a molecule with a

~ 2

charge that: Volt-

age
= 29mV.log [C,/C : ]. Thus a potential difference of

5-mV should bring about a 1.5-fold difference in the

equilibrium concentrations, while an 8-mV potential

difference would bring about a two-fold difference in the

equilibrium concentrations. Given the unknown vari-

ables such as the opacity of the different cells, the esti-

than two-fold difference seems to fit the ex-

peci Tat no further change was observed after

against bulk flow of materials

from nurs. e being a major factor in the

distributio

In 1 n< t>l iicles had not yet reached

equilibrium co ected for the average
measured 5-n>

>. Presumably this

was due to the elec icused at the oocyte-
nurse cell bridges. 110n to the diffu-

sion gradient, and i ! establishment of the

equilibrium cono... t (hey were not yet
achieved during the u

, n That ATP sup-

pression by treatment with azide allowed a detectable

spread of the fluorochrome from oocyte to nurse cells

confirms that the observed asymmetry of equilibrium

concentrations is dependent on metabolic energy.

Varying values have appeared in the literature con-

cerning the magnitude of the steady-state potentials in

Drosophilu oocytes. Bohrmann el al. (1986) reported

that oocytes incubated in Robb's medium (aKo 40 mA/)
had a potential of -21 mV, and Woodruffs al. (1988)

reported a 23.9 mV average for oocytes incubated in

that same medium. In a medium with lower (8.6 mA/)

aKo, O'Donnell (1988) reported a steady-state potential

for Drosophila of -40 mV, while in a similar medium

Miyazaki and Hagawara ( 1976) reported an average po-

tential of -65 mV for unfertilized eggs. Sun and Wyman
(1987) reported development of the medium used in the

present study, and found an average potential for 27

stage-10 oocytes of -85.2 mV. The -60 mV average for

the 8 1 stage-10 oocytes in the present study is below the

average value found by Sun and Wyman, although some

values as high as -85 mV were encountered.

The saline solutions employed in these studies span
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Figure 5. Excerpts from the video time-lapse record showing the migration of the negatively charged
fluorochrome Lucifer yellow from an injected nurse cell into the oocyte. During this nearly 1 -h incubation,

the concentration of dye becomes greatest in the oocyte. Difference in path length causes fluorescence to

appear brighter at the anterior end than at the narrow posterior end.

Figure 6. Excerpts from the video time-lapse records of two follicles injected into their oocytes with

Lucifer yellow and incubated in the presence of Na-azide. Deprived of normal levels of ATP the follicles

are unable to confine the negative dye to the oocyte.
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the 25 mM aKo measured in Drosophila blood by Van
Der Meer and Jaffe (1983), a potassium level that would

presumably yield membrane potentials most similar to

those in vivo. In both 40-mA/and 2.5-mA/aK^, an aver-

age nurse cell negative electrical gradient occurs. How-

ever, its magnitude varies with the magnitude of the cell

steady-state potentials. Thus in saline in which the aver-

age steady-state potential was -24 mV, the average

trans-bridge voltage difference was -2.3 mV, while in sa-

line in which the steady-state potentials were over twice

as large the trans-bridge potential difference had also

doubled. The effects of incubation in azide also has

shown that the steady-state potentials, the nurse cell-oo-

cyte electrical gradients, and the distribution of charged

molecules between oocyte and attached nurse cells is de-

pendent upon metabolic energy.

Intriguing for the future will be the use of various Dro-

sophila mutants to explore the physiological effects ofthe

electrical difference between oocytes and nurse cells, a

direction dependent upon identification of a mutant in

which the gradient fails to occur. Also, the apparent lack

of dye-coupling suggests that it will be informative to in-

vestigate the nature of follicle epithelial cell-oocyte inter-

action.
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The Drosophila Egg Chamber: External Ionic Currents

and the Hypothesis of Electrophoretic Transport
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Abstract. In insect egg chambers the nurse cells pro-

duce cytoplasm which is transported into the oocyte. It

has been proposed that the transport is driven by an elec-

trophoretic current resulting from a voltage gradient pro-

duced by the egg chamber. There are contradictory re-

ports concerning the existence of significant voltage gra-

dients. Any internal current must have a return pathway.

An extracellular current surrounding the egg chamber

that is in the opposite direction to that required for the

return of an electrophoretic current has been reported,

but other authors have not found such a consistent

current.

We used the vibrating probe to measure the extracellu-

lar currents surrounding 50 egg chambers during the

stage of maximum transport. Our set of measurements

was predominantly characterized by small and variable

currents. Most of the measurements were on the order of

1 microampere/cm
2

, and no particular pattern ofcurrent

flow was consistently evident. Although it was possible

to pick out some egg chambers that appeared to show

patterns of current flow, approximately equal numbers

of egg chambers showed patterns of opposite types, and

most showed no pattern at all. Our data do not support

the presence of a consistent pattern of ionic current.

Introduction

The Drosophila egg chamber contains a syncytium of

1 5 nurse cells and 1 oocyte. These cells are enclosed in an

epithelial layer of follicle cells. The nurse cells produce

cytoplasm which is transported by an unknown mecha-

nism into the oocyte. It has been proposed that the cy-

toplasmic proteins are driven from the nurse cells into

the oocyte by an electrophoretic current ( Woodruff et ai,

1988). A voltage gradient produced by the egg chamber

is hypothesized to drive the electrophoretic current from

nurse cells to oocyte within the egg chamber. Such a volt-

age gradient has been reported for Hyalophora cecropia

(a moth) (Woodruff and Telfer, 1973, 1974, 1980), for

the blow-fly Sarcophaga (Verachtert and De Loof,

1989), and for Drosophila (Woodruffs al, 1988). On
the other hand, no significant potential difference was

found in Drosophila by Bohrmann et al. ( 1986b).

Any current from nurse cell to oocyte must be part ofa

loop completed by a return pathway. Jaffe and Woodruff

(1979), in cecropia, and Overall and Jaffe (1985) in Dro-

sophila reported an extracellular current surrounding the

egg chamber which is in the opposite direction to that

required for the return of an electrophoretic current. As

a possible way of preserving the electrophoretic hypothe-

sis. Overall and Jaffe (1985) proposed that there may be

an intense, but totally internal, current loop that returns

both the electrophoretic current and the external cur-

rent. Verachtert and De Loof ( 1989) proposed a different

internal current loop model. Two attempts have been

made to peel away the follicular epithelium and measure

this hypothesized internal current. In these peeled prepa-

rations, contradictory results were obtained. Woodruff

et al. (1986), in cecropia, found an outward current and

Bohrmann et al. (1986a), in Drosophila. found an in-

ward current. Both measurements were made with the

probe positioned over the nurse cells. Bohrmann et al.

( 1986a) also repeated the external vibrating probe mea-

surements, they found the currents to be smaller than

previously reported and very variable. They concluded

that "the possibility that external currents may also play

a role in developmental processes during oogenesis [was]

. . . less attractive."

Because of the great interest in the electrophoretic the-

ory and in Drosophila developmental biology in general,

we tried to resolve this conflict over the presence or ab-

sence of consistent external currents by also carrying out

vibrating probe measurements. Since maximum nurse

79
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1

Figure 1. Stage- 10 egg chamber with typically sized currents. Image
of the probe, while it is vibrating, is seen at the upper right. At the

beginning of the measurements on each egg chamber, reference mea-

surements were taken at the probe position shown; any currents re-

corded at this position were considered as electronic biases and sub-

tracted from all following measurements. For measurements around

the egg chamber, the length and direction of the arrow represent the

magnitude and direction ofcurrent signal. Arrowheads are plotted even

if current vector is too small to be seen. At the end of measurements on

each egg chamber, reference measurements were again taken at various

points far from the egg chamber, these measurements give an idea of

the magnitude of the electronic drift of the probe during the course of

measurements. The small arrow to the lower left of the egg chamber is

such a reference measurement. Some egg chambers at younger stages

can be seen trailing off to the lower right. The scale bar (upper left)

represents 3 ^A/cnv for the current vectors and represents 80 microns

for the size of the egg chamber.

cell-to-oocyte transport is occurring during egg chamber

developmental stage 10 (King. 1970), we focussed our

measurements on this stage. Overall and Jaffe (1985) re-

ported on 1 2 stage- 1 egg chambers. These showed max-
imal inward currents, ranging from 3 to 62 ^A/cm

2
at

various places in the anterior hemisphere of the egg
chamber. Bohrmann ct al. (1986a) studied 84 stage-10

egg chambers. They found currents "normally in the

range of only 0.1-5 ^A/cnv" and maximally 10-20

Materials and Methods

The Canton-S strain ofDrosophila me/a>iogaster(wi\d

type) were used. They were reared in vials partly filled

with a gelatinous mass consisting of 82% water, 9% mo-
lasses, 7% cornmeal, 1% yeast, and 0.65% agar cooked at

95"C for 20 min (Doane, 1967). On alternate days of a

weekly cycle, the fungicides Tegasept M or propionic
acid (0.5%) were added. Just before use extra yeast was
added on top of the medium. Adult tlies were transferred

to fresh vials daily. Eggs collected in these vials were al-

lowed to incubate at room temperature until emergence
ofthe adults. Newly emerged females were transferred to

new vials and used as a source of egg chambers on the

second or third day.

Females were lightly anesthetized with ether, and re-

strained with microstaples in a Sylgard dish. Saline (see

below) was added and the abdomens opened. The ova-

ries were dissected out and transferred to a new dish. The
ovarioles were teased apart and oocytes isolated. Care

was taken to never touch the egg chambers with any dis-

secting tool. The egg chambers adhered to glass cover

slips that had either been coated with polylysine or sim-

ply cleaned with ethanol. To position the egg chambers

flat on the surface, a stage 14 oocyte would be held by its

"ears" (= the dorsal, or chorionic. appendages) and the

body of the oocyte used to gently tap down the experi-

mental egg chamber.

Experiments were done predominantly in Robb's me-

dium (Robb. 1969) since this was used by Overall and

Jaffe (1985) and by Bohrmann el al. (1986) or in a me-

dium developed by us (see below). Our medium was op-

timized for egg chamber development from stage 9 or 10

to stage 14. In our medium about 50% of egg chambers

develop from stage 10 to 14. A lesser percentage, about

20%, develop from stage 9. Failing to find large currents

in these media, we also tried Robb's saline (Robb, 1969),

then a medium suggested by L. Jaffe, and a saline opti-

mized by us for electrophysiology. Our first batch of

Robb's medium (a gift from W. H. Petri. Boston College)

had been kept frozen for some time. Since large currents

were not found in this medium. L. Jaffe suggested to us

that it may have deteriorated. Accordingly, we prepared
and used a new batch of Robb's medium. Significant

differences in the results were not noted with any of the

media.

Composition ofthe media (Sun and Wyman medium)

NaOH: 45 mM, KOH 14 mM: CaCl 2 : 8 mM: MgCl ; :

1 3 mM; MgSO4 : 2 mM, NaH :PO4 : 0.25 mM; NaHCO., :

1 mM, HEPESAcid: 10mA/. glutamic acid: 45 mM; glu-

cose: 20 mM; fructose: 1 mM, sucrose: 20 mM; phenol
red: 2 mg; yeastolate: 2 g (Difco Labs, Detroit, Michi-

gan); Lactalbumin hydrolysate 2 g (Gibco Labs, Grand
Island, New York). Add distilled water to make up to 750

ml. Add this to 250 ml ofMedium M 199 (w/o NaHCO3 )

(Sigma Tisue Culture Reagents M5017) to make one li-

ter. For culture take 90 ml of above and add 10 ml of

fetal bovine serum. Protein from serum was found to

rapidly coat vibrating probe and make it inoperable.

During experiments replace serum with 10 ml of 2 mM
sucrose solution. In both cases adjust pH to 7.1 with

NaOH or HC1. Sun and Wvman saline: NaCl: 58.5 mM;
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Table I

Signals recorded with vibrating probe around stage- 10 egg chambers

81

Current density component normal to surface ^A/cm
2
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Figure 2. Stage- 1 egg chamber showing our best example of a cur-

rent pattern that could be responsible for returning an intrafollicular

transport current. Scale bars: 3 MA/cirr; 80 microns. (A) Vectors, as

originally obtained, showing two dimensions of current flow. (B) Nor-

malized vectors showing only current component perpendicular to egg
chamber surface.

in Figure 1 ; measurements taken with the eggs oriented

vertically showed similarly sized currents and no particu-

lar pattern (further examples are shown in Figs. 5A-D).
Table I presents data on the current vectors around the

anterior and around the posterior hemispheres (see be-

low). Most of the measurements were on the order of 1

microampere/cm
2

. This magnitude is at or below the

limit of reproducibility of the measurements. No consis-

tent direction ofcurrent flow appeared in our set of mea-
surements. By simply averaging all the vectors over each

half of the egg chamber we found that 10 egg chambers
had mean inward currents over the oocyte halfand mean
outward currents over the nurse cell half. Eleven egg
chambers had average currents in the reverse direction.

The vectors in Figure 1 are the resultant vectors de-

rived from a probe vibrating in two dimensions. Previous

reports have used measurements from a one dimensional

probe; in these reports only the component of current

normal to the egg chamber surface was measured. Of
course, having both dimensions of data provides a better

basis for evaluating the presence or absence of a pattern.

However, to compare our data with those previously re-

ported, it was possible for the cases shown in Table I, to

resolve our vectors into normal (perpendicular to the egg
chamber surface) and parallel components. Figures 2

and 3 show the vectors before and after the normaliza-

tion procedure.

<

li -41

SA

Figure 3. Stage- 1 egg chamber showing our best example of a cur-

rent pattern that is the reverse of that shown in Figure 2. These currents

are similar in pattern, but smaller in size than those shown in Figure 4

ofOverall and Jaffe (1985). Scale bars: 3 M/cm 2
; 80 microns. (A) Vec-

tors, as originally obtained, showing two dimensions of current flow.

(B) Normalized vectors showing only current component perpendicu-
lar to egg chamber surface.
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4e
Figure 4. Stage- 10 egg chamber with currents induced by contact

with the vibrating probe. The photographs were taken while the probe
was vibrating. The size of the probe tip and the magnitude of its vibra-

tion can be compared with the size of the egg chamber. Scale bars: 3

^A/cnr; 80 microns. (A) The probe made contact at the upper right

equator of the egg chamber and induced a large (117 /jA/cnr) inward

injury current. The base of the current vector runs through the egg
chamber and is not visible. It extends out of the field of view to the

lower left. (B) Twenty-three minutes later, several measurements were

again taken at the wound site. They are now less than 1 .0 |uA/cnr.

To prepare Table I, vectors over the oocyte half and

the nurse cell halfwere considered separately All current

vectors were first normalized. In most cases each halfhad

both inward and outward vectors. Table I presents the

mean and standard error of the normal component for

vectors whose normal component was outward and for

those whose normal component was inward; the mean
and standard error for all vectors (including those which

were parallel to the egg surface and therefore had a zero

normal component) are also presented.

Even though our set of measurements was predomi-

nantly characterized by small and variable currents, it

was possible to pick out some egg chambers that appear
to show patterns of current flow. Although all the cur-

rents were of small size, the current flow around some
egg chambers appeared to be predominantly inward near

the oocyte pole and predominantly outward over the

nurse cell pole. This pattern (called "return") would be
what is required for extra-follicular return of an electro-

phoretic current. Other egg chambers (called "reverse")

appeared to be surrounded by oppositely directed cur-

rents; these are similar to the nurse cell inward patterns
found by Overall and Jaffe (1985). Our "best" examples
of these two categories are shown in Figures 2 and 3 (fur-

ther examples are shown in Figs. 6A-D, 7A-D). The
maximum normal current vector in a "return" type pat-
tern (oocyte inward) was 9.1 microamperes/cm

2
. The

maximum normal current vector found in a "reverse"

type pattern (nurse cell inward) was 4.1 microamperes/
cm 2

compared to 62 microamperes/cm
2
in the best case

pattern of the same type from Overall and Jaffe (1985).
If measurements from egg chambers with even smaller

current vectors or less clear patterns than those shown in

Figures 2 and 3 were to be assigned to either category,
it might be possible to say that an additional seven egg
chambers have some elements of the "return" type pat-

tern and an additional six have some elements of the "re-

verse" type pattern. To infer that a pattern actually exists

for this many cases, one would have to accept as pat-

terned the currents around egg chambers where the aver-

age vector was only 0.29 microamperes/cm
2
("return"

type patterns) or 0.2 1 microamperes/cm
2
("reverse" type

patterns). The change in our reference vectors (control

measurements taken far from the egg chamber) from be-

ginning to end of a set of measurements was often larger

than these magnitudes, so assignment of pattern at this

level is clearly marginal. Yet a third pattern that occurred

sometimes showed the largest vectors to be outwardly di-

rected from the equator ofthe egg chamber (the oocyte
nurse cell boundary). Measurements from the majority
of egg chambers could not be assigned to any category.
The possibility that some of the measurements were

due to injury currents must always be considered. To
generate a controlled and localized injury, we used the

vibrating probe itself. Since the dimension of the probe

tip is about 10-15 micrometers and its vibration ampli-
tude is approximately the same, it can be used to distend

the membrane by those dimensions. We moved the

probe toward the surface of the oocyte until it barely

touched. The injury currents produced in this way (Fig.

4A) were an order of magnitude larger (117 microam-

peres/cm
2
) than anything else we measured. However,

in our medium, with high calcium and magnesium, the

injury current declined and was below 1 microampere/
cm 2

within 30 min (Fig. 4B). Healing may be less rapid in
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Figures 5, 6, and 7. These figures show a variety of egg chambers and the currents measured around

them. Vector ) been normalized. Column 6 shows egg chambers with some aspects ofthe "reverse"

pattern while > mn 7 shows egg chambers with some aspects of the "return" pattern. Column 5 shows

egg chambers that cc Id not be assigned to either column 6 or 7. Although the egg chambers of column 6

and 7 are labelled 'iv :n e" or "return" in Table I, and are typical of those so labelled, we do not mean to

imply that a clear pattern exists. For instance the limits of assignment are clearly stretched for 6B. which

shows current inward to the nurse cells, but does not show outward current from the oocyte, and for 7C,

which shows current inward at the oocyte, but not outward from the nurse cells. Scale bars: 3

except for 5D which is 2 jjA/cnr and 7D which is 1
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Robb's medium and saline, which is very low in divalent

cations. This type of injury can thus be recognized by

its extreme magnitude, very focal localization, and time

course of healing. We do not know how to recognize in-

jury currents that may be due to more diffuse injuries or

those caused by distensions smaller than 15 microme-

ters.

Discussion

Our data do not show the presence of a consistent pat-

tern of ionic current surrounding the stage- 10 Drosoph-

ila egg chamber. Our results are concordant in magni-

tude with those found by Bohrmann et al. (1986), but we

were unable to find the larger currents reported by Over-

all and Jaffe (1985). We found small size and great vari-

ability in the signals; we could not find a consistent cur-

rent pattern arising out of the unpatterned background.

There are a variety of differences in the procedures used

by the three different groups. These include strain of flies,

feeding regimen, anaesthetic used, dissection procedure,

and vibrating probe used. We conclude that the variables

involved in this phenomenon are not yet well enough
understood to establish the conditions in which the

different magnitudes and patterns of current flow found

by different researchers can be obtained.
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Ovarioles of the Hemipteran, Rhodnius prolixus (Stahl)
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Abstract. Two-dimensional vibrating probe analysis of

extracellular currents around Rhodnius prolixus ovari-

oles correlated with an earlier one-dimensional analysis

but revealed asymmetrical circumferential current pat-

terns and large tangential currents. Na+
. K+

, and Ca+:

have been tentatively identified as the major ions in-

volved in these currents, with Na+
being the major ion

involved in current efflux.

Introduction

A variety of insect ovarioles have been shown to pos-

sess ionic currents with the pattern of current flow gener-

ally correlated with developmental events (Jaffe and

Woodruff", 1979; Overall and Jaffe, 1985; Huebner and

Sigurdson, 1986;Kunkel, 1 986; Verachtert and De Loof,

1986). Several possible roles have been attributed to ex-

tracellular ion currents, among them intracellular trans-

port, regulation of vitellogenesis and chorionation, and

establishment of pattern formation (Jaffe, 1981; Gutzeit,

1986). A thorough understanding of the current patterns

and pathways in these tissues is necessary before direct

links between ion currents and developmental events

can be established. In addition, the question arises as to

whether voltage and/or ion gradients are causative fac-

tors influencing development, or whether they are

merely epiphenomena of other morphogenetic processes

(Harold, 1986). Consequently, it is also necessary to

characterize the current-carrying ions and the manner in

which they cross the cell membrane.
Huebner and Sigurdson (1986) previously used the

one-dimensional vibrating probe to map at least two cur-

rent circuits in intact ova iolcs of the hemipteran insect

Rhodnius prolixus. We i v present preliminary data

from an ongoing two-dimensi >nal (2-D) vibrating probe

analysis ofextracellular currents around Rhodnius ovari-

oles, and initial findings on the ionic composition of

these currents.

Materials and Methods

Ovarioles of adult Rhodnius prolixus were dissected

in a modified Rhodnius Ringers (O'Donnell, 1985) and

desheathed immediately prior to each experiment. This

saline was chosen over that initially used by Huebner and

Sigurdson (1986) because the new saline sustained con-

tractions and extracellular currents over a longer period

than the previous Ringers (unpub. results) and with the

elimination ofNaHCO, the vibrating probe electrode tip

stayed cleaner in the new Ringers. Ovarioles were placed

in a plexiglass flow-through recording chamber based

partly on a design by Elizabeth Bowden and Alan

Shipley. It consisted of a lower specimen chamber and

an upper fluid reservoir; medium could be exchanged ei-

ther by means of a peristaltic pump or through a push-

pull syringe system. Platinum-blacked reference and

ground electrodes were incorporated into the chamber,

and temperature could be monitored with a small

thermistor (YSI). The recording chamber attached to a

plexiglass gliding stage on an inverted phase contrast

microscope (Zeiss IM35). The microscope and probe

manipulator assembly rested on a vibration-free table

(Micro-G).

Two-dimensional vibrating probe measurements were

made with equipment purchased from the Vibrating

Probe Company (Davis, California); this consisted of a

low noise differential FET preamplifier (gain
=

10) con-

nected to a two phase lock-in amplifier (Model NR-
2000). Lock-in outputs were digitized with a Labmaster

A-D converter (Tekmar Co., Solon, Ohio), and were an-

alyzed by an IBM PCXT computer. Video images were

recorded with an AG-6050 Panasonic time lapse re-

corder. In-phase and quadrature outputs were moni-

tored on a dual channel oscilloscope (Telequipment). A
glass current-injecting microelectrode linked to a WPI
iontophoresis module were used for probe calibration.

The 2-D current pattern around ovarioles at different

86
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Mid
Troph

T CON

Figure 1. Recording positions used for ion substitution and inhibi-

tor experiments. T CON = T-connective; T-l = T-l or penultimate

follicle: Base Troph = base of tropharium; Mid Troph = middle of

tropharium (micrograph from Telfer el ai, 198 1 ).

stages of development was mapped along the length of

each ovariole and at 4 circumferential positions. This

was accomplished by attaching a suction pipette to the

pedicel at the base of the terminal follicle (nearest the

oviduct) and by placing a glass weight on the terminal

filament. After recording along one side of an ovariole,

it was rotated 90 on the longitudinal axis and measure-

ments repeated along the length. As a reference point

each ovariole was oriented according to the position of

the trophic cord in the penultimate or T- 1 oocyte. Ap-

proximately 5 ml of fresh Ringers was perfused through

the recording chamber each time an ovariole was ro-

tated.

For the ion substitution and inhibitor experiments,

ovarioles in late vitellogenesis (T-follicle length
= 1000-

1500 ^m) were affixed to glass slides coated with high

molecular weight poly-L lysine (Sigma). Recordings

were made at four locations along the ovariole: the T-

connective (T CON), which usually displayed strong out-

ward currents; the middle of the penultimate (T-l ) folli-

cle, which usually exhibited influxes at this stage; the

basal portion of the tropharium (Base Troph); and the

middle of the tropharium (Mid Troph) (Fig. 1 ). Both of

the latter positions usually exhibited current influxes.

Initial current measurements were made in control

Ringers, after which 10 ml, or roughly three times the

volume of the recording chamber, of experimental me-

dium was exchanged over a 2-min interval with a push-

pull syringe system. Recordings were then repeated at

10-min intervals over 30 min. Following this, experi-

mental media were replaced with control Ringers and

the measurements repeated. Composition of the experi-

mental media is listed in Table I. A one-way analysis of

variance was used to determine if current magnitudes

were significantly different from controls (P> 0.05).

Results

2-D current patterns

Due to limited space, this report will only present se-

lected aspects of the current pattern around ovarioles in

early, middle, and late stages of vitellogenesis. In general,

results obtained in the present study with the 2-D vibrat-

ing probe correspond well with that obtained in an ear-

lier study (Huebner and Sigurdson, 1986). However, an

examination of currents around the circumference of

each ovariole revealed radial asymmetries in current pat-

tern and strong longitudinal components of current vec-

tors which had been previously undetected. A typical

early vitellogenic ovariole (T-follicle length
= 400-500

jtm) exhibited a stronger current efflux over the area op-

posite to the trophic cord than over other sides at the

same position (Fig. 2A-D). In the same ovariole, current

entered the region around the T- 1 or penultimate follicle

over the area closest to the trophic cord while current

influx was apparent on the other three quadrants. In a

typical mid-vitellogenic ovanole (T-follicle length

= 800-900 urn), current efflux at the T-connective and

influx over the tropharium showed marked increases

from that observed in earlier stages (Fig. 3A-D). Inward

currents were observed in the lower third of the trophar-

ium over the area next to the T-connective. In addition,

Table I

Composition ofexperimental media (concentrations in inmol I~' )

Control Na"-free K+
-free Mg+:

-free Ca+2
-free

NaCl
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(A)

2 EARLY VITELLOGENESIS

(B) . (C) (D)

3 MID VITELLOGENESIS

(B) (C) (D)

LATE VITELLOGENESIS

Figure 2. Extracellular current pattern around an early vitellogenic

ovanole. (a)
= side next to trophic cord; (b)

= side opposite to trophic

cord; (c)
= side 90 clockwise from the trophic cord; (d) = side 90

counterclockwise from the trophic cord. Direction and length of the

arrows indicate the direction and magnitude of current density.

Figure 3. Extracellular current pattern around a mid vitellogenic

ovariole. Position information in Figure 2.

Figure 4. Extru^. Uulai current pattern around a late vitellogenic

ovariole. Position information in Figure 2.

entry currents in the pr :fi ricular regions 90 to the right

and left of the trophic cord >-re stronger than have been

hitherto reported, and had large longitudinal compo-
nents.

Around a typical late vitellogenic ovariole (T-follicle

length
= 1000-1500 urn), current influx over the tro-

pharium increased markedly, and larger (5-8 ^A/crrr)
currents than have been previously reported were ob-

served over the T- 1 follicle; these currents had large tan-

gential components (Fig. 4A-D).

Ion substitutions

Replacement ofNa+
with choline, an impermeant cat-

ion, resulted in significant decreases in current efflux at

the T-connective and no significant changes in current

influx (Fig. 5). Furthermore, current influxes at the T-

connective were observed in three of the six ovarioles.

Gross signs of tissue swelling were observed in all ovari-

oles by 10 min post-exposure. By 40 min post-exposure,

or 10 min after being returned to control saline, the T-

connective current returned to normal values while cur-

rent influxes at the other three recording positions were

slightly, but not significantly, elevated. By contrast, re-

placement of K+
with choline had no significant effect

on current magnitude (results unpub.). The addition of

Co+2
, a Ca+2

channel blocker, resulted in a significant

decrease in current efflux at the T-connective, but did

not significantly alter current influx (Fig. 5). Replace-

ment of Ca+2
with Ba +2

, however, yielded a significant

increase of current influx over the tropharium, but did

not significantly alter current efflux at the T-connective.

Replacement of Mg+:
with Mn +2

did not result in any

significant differences in current density (unpub. results).

Ion inhibitors

Exposure to ethacrynic acid, an inhibitor ofNa+
trans-

port not dependent on K+
(Gee, 1976), caused a signifi-

cant decrease in both current influx and efflux, the

change being most noticeable at the T-connective (Fig.

5). Ouabain, a Na+
/K

+ ATPase inhibitor (KJine et a!.,

1983), did not cause significant changes in current efflux,

but resulted in a dramatic increase in current influx over

the tropharium by 20 min post-exposure; this effect was

reversed by 60 min post-exposure, or by 30 min recovery

in control Ringers (Fig. 5). Current efflux in ovarioles

exposed to TEA, which blocks voltage-dependent and

some Ca+:
-dependent K+

channels (O'Donnell, 1986),

showed a marked decrease, and did not fully recover af-

ter perfusion of control Ringers. Current influx over the

tropharium was slightly but not significantly elevated af-

ter perfusion of control Ringers. Ovarioles exposed to 4-

aminopyridine, a K+
channel blocker (O'Donnell,

1986), showed a significant decrease in current density

at the T-connective only by 30 min post-exposure; an

increase in current efflux at the base of the tropharium
was significant only at 50 min. Exposure of ovarioles to

furosemide, which inhibits CP transport (Komukai et

a/., 1985), resulted in a significant increase in current in-

flux by 20 and 30 min post-recovery in control Ringers

(Fig. 5).
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Discussion

Preliminary data from our 2-D vibrating probe analy-

sis of Rhodnius ovarioles compared well with previous

data, although the current pathways now appear to be

more complex than previously shown. Novel findings

emerging from our present study include the apparent

radial asymmetry in current direction and magnitude,

and the large tangential inward currents at the T-l folli-

cle which were hitherto undetected by the 1-D vibrating

probe. It is tempting to speculate on a link between cur-

rent asymmetry and the trophic cord; this would have

implications in the electrophoretic migration of charged

molecules which has been demonstrated in Rhodnius

andCecropiaovariolesCTelferf/a/., 1981); however, fur-

ther experimentation is clearly necessary before a defini-

tive link is possible. The discovery of the large tangential

component of some influx currents over the T-l follicle

and also over the tropharium may be of importance in

completely delineating the current pathways in Rhod-

nius ovarioles.

At least three ionic species are involved in the extracel-

lular currents around Rhodnius ovarioles: Na +
, K+

, and

Ca+:
. From evidence obtained thus far, it is likely that

Na+
leaves the T-connective via an active transport

mechanism not dependent on K +
. The situation for Ca+2

and K +
has not yet been resolved. A passive entry ofCa

+2

is suggested by the increase in inward current over the

tropharium in Ca+2
-free Ringers containing Ba +:

. Bar-

ium has a hydrated radius similar to that of Ca+2
, and

is well known to substitute for Ca+:
in action potentials

(Reuter, 1973). L-type Ca+2 channels have an even

higher permeability for Ba+2
ions (Bean, 1985). A passive

Ca+2
influx is somewhat inconsistent with the finding

that Co +2
decreased exit currents at the T-connective

while not affecting entry currents at the tropharium.

However, O'Donnell (1985) has shown the presence of

inward-rectifying Ca
+2

channels in Rhodnius ovarioles.

Finally, the possibility also exists that Ca+2
may gate still

other channels (Peterson et ai, 1986).

It is likely that K +
is also one of the current-carrying

ions in the outward flux at the T-connective; both volt-

age- and Ca+2-gated channels may be involved, since 4-

aminopyridine caus ! a decrease in outward current at

the T-connective, bin significantly less than that caused

by TEA. Ouabain did .. >t reduce current density at the

T-connective but increa- -nt efflux over the tro-

pharium suggesting thai .

'

nor Na+
currents are

dependent on Na+
/K

+
-ATPa: but that the inward cur-

rent over the tropharium is regulated by an equilibrium
maintained by this ubiquitous pump.

Fluctuations in current density over the tropharium
after exchange of experimental medium for Rhodnius

Ringers suggest that the inward current may passively

follow changes in permeability of other ions and may be

responsive to changes in the Goldman equilibrium. Fur-

ther experiments (including the use of other inhibitors

and ion substitutes) are presently underway to refine our

understanding of the nature of ion currents around

Rhodnius ovarioles. Once these have been fully defined,

and the origin of ionic currents determined, it will be

possible to establish more adequately the link between

ion currents and developmental events such as intracel-

lular transport, vitellogenesis, etc.
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Intra- and Extracellular Electrical Fields of Vitellogenic

Polytrophic Insect Follicles
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Abstract. Dye-coupling of lucifer yellow between folli-

cle cells and germ cells ofthe vitellogenic polytrophic fol-

licles of Sarcophaga bullata. Drosophila melanogaster,

and Manduca sexta does not always occur. The electrical

field around the follicles of Sarcophaga bullata can be

modified by altering the ionic composition of the Ringer

solution. We propose general model that suggests possi-

ble pathways for both intracellular and extracellular cur-

rent loops.

Introduction

The germ cells of vitellogenic polytrophic insect folli-

cles form a syncytium of one oocyte and a number of

nurse cells (typically 7 or 15). Despite the fact that these

form a cluster ofgenetically identical sibling cells, the de-

veloping follicle can be characterized as a highly polar-

ized differentiating system.

The polyploidy of the nuclei of the nurse cells can be

up to 1024C in Sarcophaga bullata (Cardoen et ai.

1986) and 30.000C in Hyalophora cecropia (Berry,

1982). The value for the germinal vesicle of Sarcophaga

bullata is 4C. The nuclei of the nurse cells synthesize

most of the RNA of the follicle; this RNA is transported

unidirectionally towards the oocyte. The follicle cells in

the epithelium that surrounds the follicle have a 4C to

16C polyploidy. Sequestration of the vitellogenins from

the haemolymph takes place in the oocyte only. The fol-

licle cells are the site of the intraovarian synthesis of the

vitellogenins in Drosophila (Brennan et ai. 1982) and

Sarcophaga (Huybrechts et ai. 1983; Geysen et ai.

1987). The differential migration and differentiation of

the follicle cells is another asymmetrical aspect of the ar-

chitecture of the follicle. During the nurse cell collapse,

the nurse cells inject their cytoplasmic contents into the

oocyte.

The electrical polarity ofthe system has been described

already in a number of species such as Hyalophora ce-

cropia (Woodruff and Telfer, 1973; Jaffe and Woodruff.

1979), Drosophila melanogaster (Overall and Jaffe,

1985; Bohrmann et ai. 1986a, b; Sun and Wymann,
1987; Woodruff et ai. 1988) and Sarcophaga bullata

(Verachtert and De Loof, 1986, 1988).

In this report, we describe an absence of dyecoupling

of lucifer yellow between follicle cells and the underlying

oocyte of follicles ofManduca sexta, Drosophila melano-

gaster. and Sarcophaga bullata. By altering the composi-

tion of Ringer solution, the electrical field around all vi-

tellogenic stages ofSarcophaga follicles can be modified.

We also present a model that suggests possible pathways

for both the intra- and the extracellular current loops.

Materials and Methods

Individual follicles were carefully dissected from the

ovaries ofDrosophila melanogaster and Sarcophaga bul-

lata. The follicles of Manduca sexta were left in their

ovarioles with the ovariole sheath removed. The experi-

ments were carried out in the appropriate Ringer solu-

tions at room temperature.

Drosophila melanogaster

Robb's medium (Robb. 1969).

Sarcophaga bullata

S-Ringer: NaCl 121.5 mM. KC1 10 mM, NaH;PO4 1

mM. NaHCO3 10 mAI. MgCl : 0.7 mM, CaCl: 2.2 mM.
The solutions were aerated with 95% O2/5% CO: pH 6.8.

In the experimental Ringer solution (E-Ringer) the K+
-

and CT-concentration were varied according to the

Donnan equilibrium so that their produce remained

constant: [K
+
][C1~]

= 1373 mM2
(see also Boyle and

91
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Conway, 1941). NaCl 21.9 mM, NaH :PO4 1 mM
NaHCO3 10 mM. MgCl 2 0.12 mM. CaCl 2 0.37 mM.
CaSO4 8.3 mM. MgSO4 0.83 mM, Na:SO4 3.3 mM
K2SO4 30 mM, sucrose 127 mM; 95% O2/5% CO2 ;

pH6.8.

Manduca sexta

KC1 40 mM, MgCl 2 15 mM. CaCl : 5 mJl/and Tris-

succinate 1 10 mM, pH 6.2.

Pressure injection

We used an Eppendorf SL42 Microinjector System to

inject lucifer yellow (3% inaquadestillata). The injection

pipette was mounted on a hydraulic micromanipulator

(Narishige MO-108). Volumes of 10-30 pi were injected

into either the oocyte or the nurse cells of follicles ofSar-

cophaga bullata.

The injected follicles were examined by epiillumina-

tion fluorescence on a Nikon diaphot-TMD inverted mi-

croscope with the appropriate filter cassette.

Vibrating probe

The extracellular electrical field was measured using

a one dimensional vibrating probe (Jaffe and Nuccitelli,

1974) with parylene coated metal electrodes. Some ex-

periments were performed with a two-dimensional vi-

brating probe set up at Woods Hole.

The measurements were performed in a small dish

filled with Ringer solution ( 1 ml). The Ringer solutions

were exchanged with syringes while the follicles re-

mained at the same place. After exchange, the probe was

allowed to equilibrate for at least 20 min.

Results and Discussion

Dye injection

When lucifer yellow was pressure injected in either the

oocyte or the nurse cell compartment of a follicle ofSar-

cophaga bullata, the dye quickly spread throughout the

whole follicle in less than 15 min. Sometimes, a few

nurse cells were excluded from being stained. Similar ob-

servations have been made on Drosophila melanogaster
and Manduca sexta vitellogenic follicles (Fig. 1 . ).

The spread of lucifer yellow from one germ cell (oo-

cyte or nurse cells) to another occurred via the intercellu-

lar bridges or ring channels between the cells. These ring

channels form large cytoplasmic connections and pre-

sent no barrier to the diffusion of lucifer yellow.

Figure 1. Injection of lucifer yellow into (top) a nurse cell of an

early vitellogenic 4A follicle ofSanvphaga hu//ata. (middle) the oocyte

of a vitellogenic follicle of Manduca sexta. and (bottom) a nurse cell of

a vitellogenic 10B follicle of Drosophila melanogaster. In each case, the

oocyte (O) is at the bottom of the photograph; the nurse cell compart-

ment is at the upper side. The follicle cells (F) around the oocyte do

not stain with lucifer yellow.
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In Manduca and Drosophila, dyecoupling of lucifer

yellow between follicle cells and the underlying germ
cells did not occur. In Sarcophaga, dyecoupling was usu-

ally observed in 4A follicles and sometimes in 4B and 4C
follicles.

These observations confirm partially those of Wood-

ruff( 1 979) who found that fluorescein, injected in either

the oocyte or the nurse cells ofHyalophora cecropia folli-

cles, spread to the surrounding follicle cell layer. Dyecou-

pling of rhodamine between the oocyte and the colum-

nar epithelial follicle cells of Drosophila melanogaster
was mentioned by Bohrmann and Gutzeit ( 1 987).

In the telotrophic ovariole of the milkweed bug, Onco-

peltusfasciatus, dyecoupling (lucifer yellow) of epithelial

cells to the oocyte begins coincidentally with cord sever-

ance and the onset of vitellogenesis (Woodruff and An-

derson, 1984).

The question about the generality of the dye-coupling

phenomenon between the epithelial follicle cell layer and

the maturing oocyte in a follicle remains unanswered.

Nevertheless, we would like to suggest that the lack of

dye-coupling in some test systems shows that the epithe-

lial layer and the underlying oocyte can form indepen-

dent electrical compartments.

Modification ofthe extracellular electricalfield

Only quantitative changes. The electrical field was first

measured in S-Ringer. The current densities of the elec-

trical field, after perfusion with E-Ringer (with reduced

Cl~ and increased K+
), decreased from 83% to 0% mea-

sured at the same locations in S-Ringer. After E-Ringer
was exchanged for S-Ringer again, the measured current

densities were comparable to those of the original field

and sometimes even slightly higher (4A: 10 out of 18 ex-

periments: 4B: 8 of out 15 experiments: 4C: 6 out of 21

experiments).

Quantitative and qualitative changes. In a number of

experiments (4A: 8 out of 1 8; 4B: 6 out of 1 5; 4C: 14 out

of 21), the current densities in E-Ringer not only de-

clined but also reversed direction over a part or the whole

ofthe field. The current was now entering the oocyte sur-

face and leaving the nurse cell compartment. After E-

Ringer was exchanged for S-Ringer again, the original

situation was re-established.

Some follicles only displayed a partially reversed field.

Analysis of the data of the 4C follicles suggests that the

concave (future dorsal) side ofthe follicle reverses its field

followed by the convex (future ventral) side. Subse-

quently, the reversal goes from the middle part of the

follicle towards both poles. It seems that the reversal of

the electrical field goes through a gradual succession of

different stages. It is unclear why several follicles only un-

dergo a partial reversal.

In a few experiments (4B: 1 out of 14: 4C: 1 out of

2 1 ), the field strength was increased in E-Ringer while the

polarity remained unchanged.

A modelfor the electrical current patterns ofpolytrophic

insectfollicles

The model takes into account two premises: ( 1 ) The

experimental data on the electrophysiology of different

test systems (Hyalophora cecropia, Drosophila melano-

gaster and Sarcophaga bullata) reflect similar underlying
basic mechanisms. (2) In the model there may be two

electrically independent systems: the epithelial follicle

cell layer around a vitellogenic follicle and the centrally

located oocyte and nurse cell syncytium. The model sug-

gests a possible pathway for the currents through and
around the follicle and is illustrated in Figure 2a.

The model divides the total current flux into two main
current loops. The first loop is generated by the follicular

epithelium over the trophic cap. The current is pumped
through this epithelium towards the subepithelial space

where it joins the current leaving the nurse cells. From
there it is deviated to the subepithelial space over the oo-

cyte. Then, part ofthe current leaks out ofthe epithelium

and the loop is closed around the outside of the follicle.

The second current loop is generated by the membranes
of oocyte and nurse cells, either by a separation in activ-

ity of ion pumps or ion channels or both. The current

leaks out or is pumped out of the nurse cells and follows

the same pathway in the subepithelial space as the cur-

rent of the first loop. When it arrives at the oocyte sur-

face, part of it leaks into or is pumped into the oocyte

and the current loop is closed through the cytoplasmic

bridge.

The extracellular field around the follicle has the same

main features in all the different species and is not largely

modified during progressive vitellogenesis (Jaffe and

Woodruff, 1979: Overall and Jaffe, 1985; Verachtert and

De Loof, 1986; Bohrmann el a!., 1986a). Moreover, the

sense of the extracellular field opposes the intracellular

potential gradient. The measurements of the extracellu-

lar field around individual follicles of each species show

a high variability. These observations make it hard to un-

derstand how the intracellular potential gradient can be

the direct consequence of the extracellular field (or vice

versa).

Jaffe and Woodruff (1979) proposed a model of the

steady current pattern through a Hyalophora cecropia

follicle. Overall and Jaffe (1985) suggested a similar

model for Drosophila melanogaster. The battery of the

observed currents is proposed to be an ion pump lying

within the nurse cell face of the furrow membrane. With

the data of Woodruff and Telfer (1973) and Jaffe and

Woodruff (1979), it can be calculated that the ion pumps
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Figure 2. Model for the i. urrent patterns ofa vitellogenic poly-

trophic insect follicle. Bo; i n i ent loops; top: additional cur-

rents allowed for by the model. ( >cvte, N: nurse cells, F: cylindrical

follicle cells, f: squamous Colin i follicle cells are represented,

separated from the oocyte and the nurse cells, for clarity.

would have to generate an average membrane current in

the furrow of the order of magnitude of 100 juA/cm
2
to

1 mA/cm :
to retain the bridge current. This is a high

value for the activity of ion pumps. If the model of Jaffe

and Woodruff ( 1979) were to apply to other polytrophic

follicles from other species, a potential gradient between

oocyte and nurse cells should necessarily occur in all spe-

cies and stages. One would also expect to find a concomi-

tant variability for the measurements of the membrane

potential as for the measurements of the extracellular

electrical field. Since this is not the case, the model of

JafTe and Woodruff (1979) does not completely explain

all the data observed.

The extrafollicular field originates on the surface ofthe

follicle. Therefore, the follicle cells must have a modulat-

ing, if not generating, contribution to this field. Woodruff

et al. (1986) measured the extracellular currents of vitel-

logenic follicles of Hyalophora cecropia with patches of

the epithelium overlying the trophic cap removed. Un-

der these conditions, the current over the trophic cap is

reversed: it is now directed outward. From microinjec-

tion experiments of lucifer yellow in the subepithelial

spaces, the same authors conclude that the follicular epi-

thelium over the trophic cap presents a barrier to ion

movement.

Another line of evidence that should be taken into ac-

count are the dye-coupling experiments. Woodruff

(1979) has shown fluorescein and electrical coupling be-

tween oocytes in adjacent follicles of Hyalophora ce-

cropia. Bohrmann and Gutzeit (1987) found rhodamine

coupling between follicle cells and the oocyte of Dro-

sophila melanogaster. Our results on follicles of three

different species show that dyecoupling between the folli-

cle cells and the germ cells does not always occur. The

generation of the extracellular field can be explained,

however, even in the presence of open gap junctions,

which make an electrical junction between the different

cell types.

Woodruff et al. (1986) suggested a model where the

extracellular currents around the nurse cell cap flow di-

rectly through the epithelial layer into the nurse cells.

They have also suggested that a return current would

flow through the intercellular spaces surrounding the

nurse cells to an as yet undefined target in the vitellogenic

end of the follicle.

In our model, we can allow for a direct current be-

tween follicle cell layer and nurse cells. A current through

the intercellular spaces surrounding the nurse cells also

seems to be possible, but is of the opposite sign as pro-

posed by Woodruff et al. (1986). Finally, the model of

Jaffe and Woodruff ( 1979) can be fitted into our model

(Figure 2b).

Both current loops can be regulated independently

and do not influence each other in a direct way.
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Modeling Currents About Vitellogenic Oocytes of the

Cockroach, Blattella germanica
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Abstract. An insect oocyte with a disc-shaped sink of

current on its ventral surface during a vitellogenic phase

of development is used to demonstrate modeling of ex-

pected currents arising from a mathematically denned

source. A simple model with an analytical solution for

the expected currents is compared to a more complex
model in which expectations are computed by mathe-

matical integration. The currents about two oocytes of

different pattern type are interpreted in light of the two

models.

Introduction

Ionic currents surrounding an insect oocyte may have

a role in the physiology and development of the future

embryo (Jaffe, 1986). The vibrating probe makes it possi-

ble to describe such currents in terms of their spatial pat-

tern and intensity. During vitellogenesis the cockroach

oocyte, a simple panoistic insect oocyte, has a sink of

inward current at its ventral surface and a complimen-

tary exit of current more broadly from the dorsal surface

(cf., Kunkel, 1986; Kunkel et a/.. 1986). However, be-

cause the probe is non-invasive and is vibrating, current

is measured at positions remote from the actual cell

membrane. Typically the prcbe vibrates one probe di-

ameter, making u i , i m possible to approach a source

closer than 25 n with the center of vibration of a 25-^

probe. Thus, a dr f nelds of current vectors mea-
sured at any distance the oocyte gives an incom-

plete characterization this relatively simple pat-

tern with respect to the cci, ui ; \ This is because cur-

rent measurements made at iiseivte positions remote

from the cell surface are weiglncd integrations of current

from all membrane sources, with local sources more

heavily weighted for two reasons: first, as indicated by

equation ( 1 ) the contribution of current from each point

on the cell falls off with the square of its distance from

the measuring point and second, only the components
in the directions of the probe's two vibration axes are

measured.

It is crucial to understand the relationship between

measured current patterns in the medium and current

sources flowing through a membrane. With such an un-

derstanding, rapid and repeated sampling of current

fields about cells would then lead to knowledge about the

patterned ionic flux through the membrane and hence

through the cell.

So far the mathematics of patterns of currents has only

been applied by a few investigators in the field, and only

in simple cases (Jaffe et a!., 1974; Betz and Caldwell,

1984). Freeman andet al. (1985 (examined a more com-

plex model. We introduce here an attempt to establish

an approach with a slightly more complex system that

changes over time. We expect this will lead to the sequen-

tial building of mathematical models, which will allow

us to describe the current properties of any membrane

system examined by means ofthe non-invasive vibrating

probe technique.

Making sense of these fields of currents requires prac-

tice with simple models of hypothesized phenomena. Of-

ten, examining physical and mathematical models of the

patterns and strengths of currents about well-defined,

three-dimensional objects allows more insights than can

be achieved by examining non-ideal natural examples.

However, the models will only provide insight when they

accurately describe and predict natural phenomena.
If current, i, emanates from a single point source, as is

the case for one standard calibration procedure, then the

radial current density "Y is inversely proportional to the

square of the radial distance 'k' from the source:

=
i/(4.pi-k

2
) (1)

In an isotropic medium then, potential drops per-

ceived by the probe can be automatically interpreted as

96
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current densities at the probe's position. This simple

model does not estimate current density at the 'point'

source, much less from multiple point or irregularly

shaped sources. However this formula ( 1 ) can be used in

conjunction with a model or knowledge of current pat-

terns passing through a particular source, to integrate, on

a point-by-point basis, what the current density measur-

able at some external point should be. For the orifice of a

glass electrode used to inject a known current the inverse

calculation of the source current density is simple, divid-

ing the total current on the sphere ofradius 'k' by the area

of the orifice. Integration formulae have been developed

predicting local currents remote from simple non-point

sources (Freeman et ai, 1985; Purcell, 1985). The in-

verse operation of predicting what the source is like

based on remote measurements is the crux of biological

use of the vibrating probe. We examine two models of

disc sources of current and apply these models to inter-

preting the disc-shaped sinks of current we hypothesize

to be on the ventral surface of cockroach oocytes.

Materials and Methods

Measurements of current density around, and at

different distances from, oocytes were made using the 2-

D vibrating probe at the National Vibrating Probe Facil-

ity, Woods Hole. The medium used was a simplified ver-

sion of Landureau's tissue culture medium and contains

4 mM CaCl 2 ; 14 mM KC1; 5 mM MgSO4 ; 145 mM
NaCl: 1 1 mAI H 3PO 3 , to buffer the medium at pH 6.8;

1 10 mM sucrose, to give an osmolarity of 390 mOsm;
12.5 mg/ 100 ml penicillin; 0.5 mg/ 100 ml streptomycin.

Individual ovarioles of the German cockroach, Blattella

germanica. were dissected, in this medium, from first

parturition females which had access to food for 2-5

days. [Growth of oocytes is initiated by feeding the fe-

males at 30C, the temperature for the maximum growth

rate of this species. Newly metamorphosed females,

which have been fed for 4 days, for example, have oo-

cytes approximately
2
/i of the way through the vitello-

genic phase, measuring 1.2-1.3 mm, and will be ovu-

lated in 2 days (Kunkel, 1973)]. A single ovariole was

dissected from an ovary and was then carefully posi-

tioned in an 8-ml plastic petri dish filled with medium. A

layer of mineral oil over the medium's surface prevented

evaporative convection of the medium. A heating coil

and thermal probe in the oil layer maintained the prepa-

ration at 30C. Oocytes prepared in this manner have

exhibited stable currents for up to 10 h.

An XYZ coordinate system describes location. The X
dimension is parallel to the length of the oocyte. Positive

x-values are anterior, negative are posterior relative to

the adult and the future embryo. The Y dimension de-

fines the dorsal ventral axis of the future embryo, ventral

values being positive and dorsal negative. The X-Y plane

with z = is defined as the mid-sagittal plane through
the oocyte. The Z dimension is lateral.

Two oocytes provided the data used in this study (Fig.

1 ). Although similar in size this time represents a transi-

tion in the current pattern which is correlated with oo-

cyte growth. One (oocyte #1, 1.1 mm) was probed repeat-

edly close along the ventral mid-sagittal surface. Current

densities from the other (oocyte #2, 1.2 mm) were first

measured also close along the ventral mid-sagittal sur-

face. Subsequent measurements were then made at vari-

ous distances away from the surface, in the mid-sagittal

plane. Additional measurements were made close to the

oocyte to check that the currents remained stable. The

data collected consisted of the x, y, and (z =
0) position

of the probe, and the resolved x- and y-currents, I x and

I
y

. From Ix and I
y
the mid-sagittal total current, I,, and

the angle ofthe resultant current vector in the X-Y plane

were calculated; these are plotted in Figure 1 . This 'total

current' cannot include an I z component since the probe

does not vibrate in that direction. Thus the I
t
vector for

the 2-D vibrating probe describes only two of the three

dimensions of measurable current at a point in space re-

mote from a three-dimensional source. However, I x and

I
y
do benefit from point sources located in the Z direction

(Fig. 3.)

Data from the PDF 1 1/23 system at the NVPF was

captured on an MS/DOS computer configured as a ter-

minal of the PDP 1 1/23 and stored on floppy disc. Fur-

ther data analysis was made with a 80286 computer fitted

with a 80287 math coprocessor using both commercial

and custom designed software. MathCad was useful for

numerical integrations of equations using circular coor-

dinates. Custom software included a vector and cell out-

line plotting program and a contour fitting program writ-

ten in Turbo Pascal.

Results

The first model that was examined is described by the

equation:

I,
= 2 pi I r( 1

-
[k/sqrt(k

2 + a
2

)]) (2)

which predicts the current, I
y , measured remote from a

disc shaped source of radius 'a', current density 'I/ at ra-

dial distance 'r' on the disc surface, at a distance 'k' along

the Y-axis normal to the center of the disc at (x, y, z)

=
(0, 0, 0) (Purcell, 1985). Along this axis both I x and I z

are zero. Thus, the true total current is equivalent to both

I, and Iy.
It should be noted that in this model, and also

in model II. that I r is a constant for r < a; but this could

change in future models in which a non-uniform disc is

considered. Relative to the central axis, the disc source is

radially symmetric and thus the integral equations are
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A. oocyte ttl B. oocyte 82

third hour scans i .s,s

Figure 1. Outlines of two oocytes with local total current density vectors measured with a 2-dimen-

sional vibrating probe. A circle marks the head of each vector. The base of each vector indicates the point

of measurement. The length and direction of the displayed vector are computed as the sum of the x- and

y-current vectors. A scale bar in the upper right corner for each oocyte indicates the vector calibration.

(A) Oocyte #1(1.1 mm) repeated scans close to the mid sagittal ventral surface. ( B) Oocyte #2(1.2 mm)
measurements made at various distances away from the mid sagittal ventral oocyte surface. N. B. The

current vectors of these oocytes are an order of magnitude smaller than those of Kunkel (1986). The

discrepancy is due to an error in a computer program being developed at the earlier time. This error has

since been corrected.

simple and can be solved analytically. Equation (2) is

that analytic solution (Purcell, 1985).

In applying model I to experimental situations the dis-

tance, k, from the surface and the current I
y
at position

(x, y, z)
=

(0, k, 0) are measurable. The radius and density

of the current source on the surface are estimated by fit-

ting the 'a' and 'I r

'

parameters ofequation (2) to observed

(k. I
y ) data. The greatest current density. I

y , emanating
from oocyte #2 was measured in the central region. Total

current densities at positions above the surface measured

from this region were fitted to equation (2) and the radius

of the disc source was calculated to be 125 ^ and current

density on the disc to be 3 ^A/cm
2

. The data fit well to

the theoretical curve (Fig. 2) with the exception of those

values measured during the first and last (9th) scans. Fit

of scans 1 and 9 are substantially improved if a linear

time-dependent decay rate (1/3 per h) is added to the

equation. Measurement ended after scan 9 because it be-

came obvious that the currents had begun to deteriorate

at that time. Deterioration is evident from the positions

of these data with respect to the theoretical curve, scan 1

data lie above the cur\\ ') lie below. Model I cannot

be fit to oocyte # 1 data si _ scans were not done at vary-

ing distances from the si

Subsequently, model II. ; Hire flexible and complex
extension of model I, was examined. This first step in

increasing complexity is described by equations (3) and

(4), which are based on Figure 3. They describe the nor-

mal, I
y , and tangential, I x , currents measured along the

X-axis at a distance y above a model disc ofuniform cur-

rent density. With x = 0, model II is identical to model

I; but when x is not equal to zero, the equations to be

integrated are not rotationally symmetric, have no ana-

lytic solution, and thus must be integrated mathemati-

cally. Equations (3) and (4) allow the estimation of I
y
and

I x at any point off the central axis by means of point-

by-point mathematical integration ofthe current coming
from all points (x, 0. z) on a source surface measured at

the point (x, y, z) (Fig. 3). In practice, since the model

disc's source is symmetric about (x, y, z)
=

(0, 0, 0), com-

putations were simplified by making computations only

for external points in the X-Y plane in what would corre-

spond to the mid-sagittal plane ofan oocyte, z = 0. Theo-

retical isopotential lines generated by these equations are

shown in Figures 4 and 5. These figures demonstrate very

clearly that I x has maxima and minima corresponding to

the edges of the disc source. Figure 5A especially shows

that these peaks can be diagnostic of the size of this disc.

In addition, the model of total current, I,
=

I x + I
y , pre-

dicts a plateau for large diameter discs probed close to

the surface (Fig. 5B). In this case close would correspond

to a distance that is a small fraction of the probed disc

diameter. 2 units for a radius 10 disc.

Model II expectations were applied to the observed

data from oocytes 1 and 2 (Fig. 6). The data from oocyte

#1 are shown in Figure 6A. The plot of tangential cur-

rent, I x , shows clear maxima and minima indicating, if

model II is accurate, that the source of inward current

has a diameter of about 500 /u. This value correlates well

with the size implications of Figure 1. However, for this

oocyte, minimum I x is not symmetric with maximum
I x , as an ideal disc would exhibit. This suggests that the

effective source (that is, either its shape or the distribu-

tion of pumps or channels) is not a perfect disc nor mir-
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Figure 2. Theoretical current density generated by equation (2} (see text), using a disc source radius

125 ii and a source current density of 3 ^A/crrr, is plotted as a solid line. The observed data of oocyte #2

are superimposed. Each scan is plotted using a distinct symbol and the start time of the scan is tabulated

in minutes from disection time. The outlined measurements above and below the curve are those of scans

#1 and #9 respectively (see text).

ror symmetric along the X-axis. This is supported by the

plot of I
y , the normal current, which shows a displaced

maximum. The relatively sharp peak of I
y
also suggests

that the maximum inward current is highly focused in

this oocyte. No plateau of the total current, I,, is per-

ceived, additional support for the suggestion that the disc

is non-uniform. The size of the disc is large enough such

that probing at the typical distance from the ovariole sur-

face, 35 n, at the disc center should result in a measured

current density in the medium about 5-6 times the

membrane level current density. This would suggest that

the true current density at the disc center of oocyte 1 is

closer to 0.5-1 /uA/cm
2 and closer to 3 ^A/cm

2
for oo-

cyte 2.

Plots of scan 1 data from the second oocyte (Fig. 6B)

suggest a differently shaped source. The plots of I x have

no sharply denned maxima and minima, which suggests

that there is inward current across the major part of the

ventral surface (i.e., 900-1000 n) and it is not focused.

This is in contradiction to the prediction of model I

(which suggested a source 250 n in diameter) but corre-

lates more reasonably with what is intuitively observed

in Figure 1. Again, minimum I x is not quite symmetric
with the maximum I x . The plot of

Ij
has a broad plateau,

which again indicates that the center of inward current

is not focused. Plots of I, for this oocyte are flat, indicative

of a broad and relatively uniform unfocused current

source. In comparing oocyte 1 and 2, the membrane
level current grew from 1 to 3 //A/cm

2 and the area ofthe

inward current increased by a factor of 2-3. The trend

suggested by these two exemplars was observed overall

in a substantially larger sample of oocytes, which will be

reported elsewhere in a developmental context.

Discussion

Adequate interpretations of non-invasive physical

measurements about cells depend upon appropriate
models of the sources. Model I, equation (2), describes

the decay of current along the normal axis, perpendicu-
lar to the center of a disc source and yields an estimate

of the radius and the current density of the disc. It is sen-

sitive enough to indicate deterioration of the source, but

it has some restrictive limitations. The first is that mea-

surements must be made along an axis normal to the cell

surface, a position and direction that may be difficult to

know under experimental conditions or that may shift

with time or with changing conditions. We know that

the borders of the disc (current reversal from inward to

outward) shifts somewhat from scan to scan; but we do

not yet know whether this, for example, corresponds to

shifts in the center of the disc or to local changes in the

disc border. The second limit of model I is that only the

average radius of a source can be sensed so that asym-
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Figure 4. Predicted currents, generated from equations (3) and (4):

current density at source held at 1 MA/unit
2 on a disc of radius 5 units.

(Bottom Panel I Isopotential contours for tangential, (l t , thick con-

tours) and normal. (I, . thin contours) current densities. Below the con-

tour plot is a representation of the disc source; a dotted line through

the disc represents the location of the scan. (Top Panel) Isopotential

contours for total current density (It. thick contours) and contours of

equal angles (thin contours) subtended by the vectors.

inward current from the smaller oocyte is smaller and

more tightly focused than that from the larger oocyte.

This may be simply interoocyte variability or it may be

a developmental change. Clearly, however, model II can

quantitate the difference.

Thus, model II provides substantially more informa-

tion than model I and allows for relatively easy extension

to more complex models. However, it too has its limita-

tions. Like the first model, it may overestimate current

density at the disc surface by as much as 2 -pi. This is

because measurements made include substantial lateral

contributions especially when the disc radius is large,

even ifthe measurements are made as close to the surface

of the disc as possible ( 1 probe diameter). This corrup-

tion of local measurements by lateral components argues

for routine measurement of the decay of current away
from the surface to increase the ability to use modeling
to predict the shape of the current source. A greater den-

sity of measurements at closer intervals along the surface

can achieve similar ends. Sparse data are difficult to

model with high resolution. In particular, geometric con-

ditions increasing the number of measurements of either

I
y
or I x may be preferable. As in model I, model II

equations (3) and (4) assume a flat disc source while the

oocyte surface is. of course, curved. Thus, we need to

develop models that take more advanced geometry into

account. This is not a difficult problem when mathemati-

cal integration is used as we did for model II. In spite of

these limitations, model II is able to improve our inter-

pretation of the observed currents about oocytes #1 and

#2. It further provides an approach by which subtle

changes of current pattern measured during develop-
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Figure 5. Calculated current densities: current density at source

=
1 MA/unit

2
; measured along the X axis: (A) I, , I

y , I, and the angles of

the vectors from discs of radius 1-11 arbitrary units; at 1 distance unit

above the disc source. (B) I x , I
y . I, and angles from a disc, radius 10

units; predicted for 1 to 14 Y distance units above the disc source.
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Figure 6. Observed data interpreted according to the model of I x . I, and I, plotted under oocyte outlines

for (A ) Oocyte # 1 ; ( B ) Oocyte #2

ment or caused by experimental manipulations may be

interpreted with greater insight. Thus, a better under-

standing of the physiology of the oocyte should be pos-

sible.
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Ionic Currents in Lymnaea stagnalis Eggs During
Maturation Divisions and First Mitotic Cell Cycle
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Abstract. The eggs of the mollusc Lymnaea stagnalis

generate weak extracellular ionic currents, which have

been mapped from oviposition through first cleavage.

Throughout this period the current is inward in the ani-

mal hemisphere, with highest density at the animal pole,

and outward in the vegetal hemisphere, with highest den-

sity at the vegetal pole. Peak current densities are mea-

sured at the time of first and second polar body forma-

tion. During anaphase and telophase of the first mitotic

cell cycle, the outward current at the vegetal pole reaches

its minimum density and its direction is reversed in most

eggs, whereas the inward current at the animal pole grad-

ually increases. This coincides with the segregation of the

so-called animal pole plasm to the animal pole (Ra-

ven, 1970).

The organic calcium channel blockers diltiazem and

D600 cause abnormal maturation division(s) and/or first

cleavage. At the same time they reduce and eventually

abolish the associated ionic currents. These results sug-

gest the existence of a cell-cycle correlated, calcium-de-

pendent component of ionic currents in Lymnaea eggs.

Introduction

In eggs of most organisms, polar axes such as animal-

vegetal, anterior-posterior, and dorsal-ventral are estab-

lished during oogenesis, maturation, or shortly after fer-

tilization (Davidson, 1986; Gerhart el ai, 1983). The

mechanisms responsible for the induction and mainte-

nance of the polar organization are still largely unknown.

In many molluscan eggs, including Lymnaea stag-

nalis, the apico-basal polarity of the oocyte in the ovary

corresponds to the animal-vegetal axis of the mature egg,

which in turn corresponds to the anterior-posterior axis

of the developing embryo (van den Biggelaar, 1983; Ra-

ven, 1967). Thus, it is conceivable that the animal-vege-

tal polarity originates from the asymmetric intercellular

contacts between the oocyte and the surrounding ovary

cells, by a process of imprinting stable structural features

into the plasma membrane and/or the cortex of the oo-

cyte. Such stable features occur in eggs of several species.

In molluscs, the most extensively studied species in this

respect, Nassarius reticiilatiis, shows a polar distribution

of intramembrane particles and polar differences in the

mobility of membrane lipids (Speksnijder et a/., 1985a,

b). Similarly, the distribution ofion channels and pumps

may also be non-homogeneous in the plasma membrane

of egg cells (Nuccitelli. 1983). As a result, asymmetric

extracellular electric fields could be generated that might

contribute to the establishment or maintenance of polar

phenomena in eggs (Jaffe, 1982).

We have studied the ionic currents occurring in the

egg ofLymnaea stagnalis during maturation and the first

mitotic cell cycle. In view of the probable involvement

of intracellular calcium ion gradients and the associated

electric fields in axis establishment as described for Fucus

eggs (Jaffe, 1986; Robinson and Jaffe, 1975) and because

of postulated importance of intra- and extracellular cal-

cium in the meiotic and mitotic cell cycles, we have in-

vestigated the role that calcium ions might play in these

currents. For this purpose we used the organic calcium

channel blockers diltiazem and D600.

Materials and Methods

Lymnaea stagnalis is a freshwater hermaphrodite pul-

monate snail. The eggs are fertilized internally. Sponta-

neously laid eggs were decapsulated in filtered copper-

free tap water (CFTW), which normally contains about

0.7 mjV/ calcium. After a few rinses the eggs were trans-

ferred to plastic Petri dishes (Costar, Cambridge, Massa-

chusetts) containing the desired measuring medium. The

103
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eggs adhere spontaneously to the bottom of the dish, so

they should be oriented in the desired position before

they touch the bottom ofthe dish. Once attached the eggs

can no longer be manipulated without plasma mem-
brane damage and cytolysis.

Measuring media

Eggs were measured in filtered CFTW supplemented
with 2 mA/CaCl 2 , pH 8.2-8.4, and specific resistivity of

about 1200 fi/cm. Another medium used was copper-

free tapwater containing 2 mAf CaCl 2 buffered with 3-5

mA/HEPES(Na) of pH ranging from 7.0 to 8.5 adjusted

with 0. 1 N HC1 or 1 NNaOH as required. In both media,

eggs developed normally until gastrulation although the

cell cycles were extended with approximately 10% as

compared with control eggs in their capsules. The
HEPES-buffered medium was used when studying the

effect of pH on ionic currents and in studies using drugs
that cause a pH shift in non-buffered conditions.

To determine whether extracellular calcium is needed

for the generation of ionic currents in Lymnaea, eggs

were treated with organic calcium-channel inhibitors;

D600 (methoxy-verapamil hydrochloride) (Sigma, St.

Louis, Missouri) at 0.1 mAf or diltiazem-hydrochloride

(Sigma) at 2 mAf. Both substances are readily soluble in

copper-free tapwater containing 2 mAf CaCl : . Treat-

ments were initiated by perfusion of the media through
the measuring chamber containing the eggs in copper-
free tapwater with or without 2 mAf CaCl : added. Perfu-

sion with D600 was carried out 20 min before first polar

body formation in the controls, and perfusion with dilti-

azem at the onset of first polar body formation. Applied
in these concentrations, and at these particular times,

both drugs had a maximal inhibitory effect on polar body
formation and the associated peak current.

All measurements were made at 25C, and fresh me-
dium was perfused through the measuring chamber at

regular intervals during the experiments. Data from
different measurements at corresponding cell cycle times

expressed in percentages were pooled and averaged. The

phases of the cell cycle were determined from the data

reported by van den Biggelaar (1971).

The second meiotic cycle was defined as the period be-

tween the anaphase of the first maturation division (PI
in the figures) and the anaphase ofthe second maturation
division (P2 in the figures). The first mitotic division cy-
cle was defined as the interval between the anaphase of

the second maturation divi ion (P2) and the onset of the
first cleavage (Kl ). We could not define the first matura-
tion cycle as part of it takes place in the gonads of the

snail; therefore the cell cycle time was expressed in min-
utes instead of percentage (Fig. 2A).

Measurement ofextracellular currents

The extracellular vibrating probe (Jaffe and Nuccitelli,

1974) was used to measure electrical currents around

eggs of Lymnaea. In our set up, the one-dimensional vi-

brating probe system constructed for use of glass probes

(The Vibrating Probe Co., Davis, California) was modi-

fied for use ofparylene insulated metal probes. The addi-

tional equipment was purchased from Applied Electron-

ics (Falmouth, Massachusetts). Measurements were

made with probes that had platinum black balls with a

diameter of 15-20 ^m, which corresponds to about 10%
of the egg diameter. The probes were vibrated with am-

plitudes of 1 5-30 nm.
Current densities for all measurements are indicated

as detected at the actual measuring position with the cen-

ter of vibration approximately 40 nm away from the egg
surface. Minor deviations in the distance of the probe to

the egg surface were due to the continuously changing

geometry of cleaving eggs. No corrections were made for

these deviations. Currents were mapped around the

whole egg with emphasis on the animal and vegetal pole.

The minimum recording time at one measuring site was
0.5 min with a lock-in amplifier time constant of 3 s.

Between two measurements the probe was moved to a

reference position typically 200 nm away from the egg
surface. Current direction as indicated in the figures re-

fers to the flow of positive charge. In the figures repre-

senting single measurements at the animal (A) and the

vegetal (V) pole, the designations for current as upward
and downward mean that the downward deflection from

the reference line when the probe is above the animal

pole indicates inward current, while the downward de-

flection indicates outward current when the probe is po-
sitioned under the vegetal pole.

Preparation ofwhole mounts

Eggs were fixed in Zenker, stained with gallocyanin/

chromalum, and embedded in Canada balsam as de-

scribed for Nassahns reticiilatus by Speksnijder et al.

(1985a).

Results

We have mapped steady electrical currents around

Lymnaea eggs through both maturation divisions and
the first mitotic cell cycle. During this entire period the

currents show a polar pattern, being inward in the ani-

mal hemisphere and outward at the vegetal pole. The
outward current has its highest density (200-600 nA/
cm 2

) at the vegetal pole, and the inward current is con-

centrated at the animal pole, where it ranges from 200 to

600 nA/cnr and occasionally attains even 1 j/A/cm
2

(Fig. 3A). The egg surface laterally from the vegetal pole
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shows an outward current ofabout 50 nA/cm
2

. Laterally

from the animal pole, including the equator area, inward

current of about 50 nA/cm
2
is measured.

In certain areas of the egg surface we have detected

current density approaching the technical detection limit

of the measuring system, which is about 20-40 nA/cm
2

in our media. Such currents were considered to be zero

and could not be included in calculations for inward/

outward current balancing. It was therefore not possible

to satisfy limits for inward/outward current compensa-
tion as discussed for Drosophila follicles and eggs by

Overall and Jaffe( 1985).

Maturation divisions

The earliest possible measurements were made at

about 40 min before the extrusion of the first polar body,

when the meiotic spindle still resides in the center of the

zygote (Fig. 1A). At this time we measured an outward

current at the vegetal pole ranging from 100-200 nA/
cm 2 and no current at the animal pole. An inward cur-

rent at the animal pole was first detectable at metaphase,

when the meiotic aster becomes anchored in the cortex

of the animal pole, which is at about 20 min before the

extrusion of the first polar body (Figs. 1 B, 2A).

Maximum current density at both animal and vegetal

pole was concurrent with telophase, when the nascent

polar body was bulging out maximally (Fig. 1 D; T in Fig.

2B; V2 and A2 in Fig. 3A). and usually occurred slightly

earlier at the animal pole than at the vegetal pole (T in

Fig. 2B).

Before the extrusion of the first polar body was com-

pleted (Fig. IE), the current density decreased to about

100 nA/cm
2 and remained at this level until the forma-

tion of the second polar body (T in Fig. 2C).

Figure 2B shows the average current density profile

during the second maturation division. The current pat-

tern at about the time of second polar body formation

(Figs. 2C, 3B) is comparable to that measured at the time

of first polar body formation (Figs. 2B, 3A). During telo-

phase of the second meiotic division (T in Fig. 2C), the

vegetal outward current was generally somewhat weaker,

and the animal inward current somewhat stronger than

at the time of the first meiotic telophase (T in Fig. 2B).

First mitotic division

The mean current density profile is given in Figure 2C.

At the beginning ofthe G2 phase, there is a slight increase

in average inward current at the animal pole to about

250 nA/cm
2

. During the last 20% of the cell cycle, corre-

sponding to anaphase and telophase, the current at the

vegetal pole is reversed from outward to inward in most

eggs.

1A

1C 1D

Figure 1A-E. Nomarski micrographs of gallocyanin/chromalum

stained whole mounts of eggs in prometaphase (A), metaphase (B). ana-

phase (C), telophase (D) and during the extrusion ofthe first polar body

(E). The eggs were fixed at 9, 39, 49, 59, and 60 min after oviposition

for A, B, C, D. and E. respectively. The timing concerns development

of decapsulated eggs in CFTW + 2 rrtW CaCl 2 .

Treatment with calcium channel blockers

Diltiazem. In eggs incubated from about anaphase of

the first meiotic cycle in copper-free tapwater containing

2 mA/ Cad; and 2 mAI diltiazem, the extrusion of the

first polar body was generally complete and at the time

of second polar body formation there was a bulging out

of cytoplasm resembling the second polar body. How-

ever, this plasm was immediately resorbed and the sec-

ond polar body never formed. When CaCl2 was not

added to CFTW, first polar body was not completely ex-

truded and was subsequently resorbed. A representative

measurement of such a treatment is shown in Figure 4A.

The current density decreased abruptly from 250 to 50

nA/cm
2
within 10% of the cell cycle after perfusion with

diltiazem, and within 25% ofthe cell cycle it reached zero
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Figure 3A-B. Current density profiles at the vegetal (V) and at the animal (A) pole of individual Lvm-
naea eggs measured in CFTW + 2 mA/CaCl : . (A) Anaphase (VI) through telophase (V2 an V3) to com-
plete extrusion of first polar body (V4). (B) Current trace is shown of another egg from metaphase (VI)

through anaphase (V2) and telophase (V3) to complete extrusion (V4) of second polar body.
The dotted line connects the reference measurements and is not the actual measurement ofthe reference

level. In Figure 3B. the probe was moved to a reference position Rl. typically 200 ^m away, about 8 min
before the maximal current density at V3 was measured and again to R2 about 6 minutes thereafter. Note
that the current is outward (downward) at the vegetal pole (V), and inward (downward) at the animal pole
(A), with highest densities at telophase.

than 50 nA/cm
2
were measured at the animal pole (data

not shown).

Discussion

We have measured current densities ranging in indi-

vidual eggs from 200 to 600 nA/cm- at both poles of the

Lymnaea egg. These currents are rather weak as com-

pared with other known developmental currents (Nucci-

telli, 1986) and often approach the detection limit of the

technique. However, the results clearly show an animal-

vegetal difference in current pattern and density. In addi-

tion, current pattern and density vary during the cell

cycle.

It has been shown, using techniques other than the vi-

brating probe, that cell cycle-dependent changes in

membrane ion permeabilities occur (Boonstra et a/.,

1982; Rodeau and Vilain, 1987). Changes in intracellu-

lar ion concentrations have been reported particularly
for protons (Busa and Nuccitelli, 1984) and for calcium

ions (Poenie et ai. 1985). In view of these intracellular

ionic changes it would not be surprising if the cell cycle
were to be associated with extracellular ionic currents.

Experiments with D600 and diltiazem indicate the im-

portance ofextracellular calcium for the process ofmatu-

ration and cleavage. When standard micromolar con-

centrations of the inhibitors are used (Lee and Tsien,

1983) disturbances ofcell division occur late with respect

to the onset of the treatment, although the associated

currents are rapidly reduced (Fig. 4B). This could mean
that only partial inhibition of calcium channels is

achieved, maybe due to competition with calcium ions

in the medium, as reported for mouse oocytes (Yoshida,

1986). It is also possible that intracellular calcium tem-

porarily compensates for the lack of calcium influx. It is

known that Lymnaea eggs pretreated for half an hour
with 0.05-0. 1 MCaCl2 and then transferred into distilled

water may show a normal cleavage pattern and thus it

was speculated that Lymnaea eggs can accumulate cal-

cium (Raven and Mighorst, 1946).

Preliminary results with TMB-8, an antagonist of in-

tracellular calcium release, suggest that there is indeed a

correlation between intracellular free calcium and exter-

nal ionic currents. However, preliminary results of sub-

stitution experiments in which calcium was replaced by
equimolar magnesium in a denned artificial medium
show that the peak currents associated with the meiotic

divisions still occur. However, these currents are some-
what weaker (200 nA/cm

2
at the maximum), and the
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Figure 4A-B. (A) Current density profile at the vegetal pole (V) of a Lynmaea egg perfused with 2 mM
diltiazem in CFTW at early telophase (VI) of the first meiotic division. The current decreased within 10%>

of the cell cycle (V2) and disappeared within 25% of the cell cycle (V3). Note that after perfusion with

diltiazem the current density scale changed due to the lower resistivity of this medium. (B) The current

density profile at the animal (A) and vegetal (V) pole of an egg incubated in 0. 1 mM D600 in CFTW + 2

mA/CaCN. Incubation was initiated 20 min prior to first meiotic anaphase in the controls. A maximum

density of about 170 nA/cm
2 was measured at telophase (V2) of the first meiotic cell cycle. However, this

maximum density was reduced ifcompared to the controls in medium without D600. Note that the current

is outward (downward) at the vegetal pole (V), and inward (downward) at the animal pole (A).

peak is not associated with maximum bulging out of the

polar bodies as in the controls, but occurs a few minutes

later. This suggests that other ions than calcium are also

components of the ionic current.

We do not know if the currents described here are

causally related to the animal-vegetal polarity of the egg.

However, some interesting correlations between polar

events in the egg and current pattern have emerged from

this study. First, the absence ofcurrent at the animal pole

before first polar body formation (Fig. 2A) coincides with

a stage during which animal/vegetal polarity is not yet

firmly established, as shown in another mollusc, Umax
(Guerrier, 1968). Second, the onset ofthe inward current

at the animal pole just before first polar body formation

(Fig. 2A) coincides with the anchoring of the meiotic as-

ter at the animal pole. This might be the trigger for the

increase of ion fluxes there. Third, there is a significant

temporal coincidence between the segregation of the so-

called animal pole plasm at about one hour after second

polar body formation ( Raven, 1 970) on the one side, and

a minimal outward current at the vegetal pole associated

with a gradual increase in inward current at the animal

pole (Fig. 2C) on the other. Finally, inward current is

always measured preceeding and concurrent with the

formation of the contractile ring during polar body for-

mation and at first cleavage. These inward currents

might bring about a local increase in free calcium for the

formation of the contractile ring.
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Large Ionic Currents Leave the Primitive Streak of the

7.5-Day Mouse Embryo

GLEN K. WINKEL AND RICHARD NUCCITELLI

Department ofZoology, University ofCalifornia, Davis, California 95616

Abstract. During mouse gastrulation. underlying me-

soderm cells contribute to the future embryonic endo-

derm, though the mechanism of this morphogenetic

process is not well understood. We have utilized the two-

dimensional vibrating probe to investigate the relation-

ship between transembryonic ionic currents and the un-

derlying cellular morphogenetic rearrangements. We
were able to detect strong outward currents along the

midline of the embryo, with inward currents completing

the current loop via the extraembryonic endoderm. The

average maximum current density for 2 1 embryos was

2 1 .2 pA/cm
2
situated over the developing foregut region.

This outward current sometimes reached magnitudes of

60 juA/cm
: and could be detected superior to Reichardt's

membrane when it was left intact during the dissection.

The outward current gradually decreased as the probe

was moved posterior to the foregut and turned inward

just beyond the hindgut and rostral to the foregut over

the extraembryonic endoderm. These currents were sta-

ble over several hours and were temperature-sensitive,

gradually decreasing as the temperature was lowered.

Neither amiloride nor ouabain blocked or decreased

these currents, though the lack of an effect may have

been due to restricted access of these drugs to internal

epithelia. The outward current was dramatically in-

creased if an artificial leak was created. This suggests that

the observed currents are due to a passive leak of ions

through leaky junctions along the midline. Such leaky

junctions would be expected to occur at regions in which

extensive cellular rearrangements were occurring due to

breakage and reformation of cellular junctions as would

occur during gastrulation in this region.

Introduction

The process of gastrulation in the mouse embryo is

poorly understood. Previous experiments have demon-

strated that the embryonic ectoderm of the mouse em-

bryo retains the capacity of forming endodermal deriva-

tives if transferred to ectopic sites (Skreb el ai, 1976).

Evidence from chimeric embryos derived from blasto-

cyst injection experiments also suggest a similar conclu-

sion (Gardner and Rossant, 1979). Likewise, there is lit-

tle evidence that the visceral embryonic endoderm con-

tributes to the fetal endoderm (Gardner, 1982; Hogan
and Tilly, 198 1 ; Diwan and Stevens, 1976). Therefore, it

is generally believed that the endoderm is derived from

the underlying mesoderm or primitive streak. This event

is believed to occur in a manner similar to chick embryo

gastrulation in which the mesoderm cells laterally dis-

place the hypoblast cells and subsequently form the em-

bryonic endoderm (Rosenquist. 1972). However, this

morphogenetic movement has never been directly ob-

served in the mouse embryo. Nakatsujiand Snow (1986)

used Normarski DIC optics to observe directly meso-

derm cells in the 7-day mouse embryo. They reported

that mesoderm cells migrate away from the primitive

streak, however they did not examine the movement of

mesoderm cells into the endoderm layer.

Recently, experiments using horseradish peroxidase as

a lineage tracer have indicated that the embryonic endo-

derm has a dual origin, being derived both from the vis-

ceral embryonic endoderm as well as the underlying

mesoderm (Lawson et ai, 1986; Lawson and Pedersen,

1987). These lineage experiments also demonstrate that

significant morphogenetic rearrangements occur during

gastrulation in the mouse embryo. Such tissue rearrange-

ments suggest that cellular junctions must be broken and

re-established within the overlying epithelium. This

would result in a leaky epithelium through which various

ions could escape causing detectable transembryonic

ionic currents. Such ionic currents have already been de-

tected leaving the primitive streak of the chick embryo

no
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(Jaffe and Stern, 1979). Therefore we should be able to

identify those regions where gastrulation is occurring by

locating regions of current leakage. In this paper we de-

scribe experiments in which we used the 2-dimensional

vibrating probe to detect and localize the ionic current

pattern of the 7.5-day postimplanation mouse embryo.

Materials and Methods

Recovery of embryos

Three CD-I (Charles River) females were placed with

one male CD-I mouse and were checked daily for evi-

dence of pregnancy by the presence of a vaginal semen

plug (Day of plug equal to day 0.5). Plugged female mice
were then transferred to separate cages and late on the

afternoon of day 7.5 were killed by cervical dislocation.

Uterine tubes with decidual swellings were removed, the

individual swellings were cut apart with dissecting scis-

sors and the decidua were dissected out from the uterine

tubes. The embryonic egg cylinders were carefully re-

moved from the decidua with fine tweezers (with Reich-

ardt's membrane intact) and placed in Dulbecco's phos-

phate-buffered saline. Using a pair of extra fine forceps,

Reichardt's membrane was carefully dissected away.

Any embryos damaged during dissection were discarded.

Well developed 7.5-day embryos were transferred to 35

mm petri dishes containing 2.5 ml of Dulbecco's modi-

fied Eagle medium (DMEM, Gibco, 430-1600) supple-
mented with 30% fetal bovine serum (FBS, Sigma).
These were placed within a 100 mm petri dish with 1 ml
of distilled water in the dish and incubated for 2 h at 37C
with 5% CO2 (v/v).

Two-dimensional vibrating probe

The two-dimensional vibrating probe was used with a

20 ^m platinum tip vibrated in a 20 nm circle by two

piezoelectric reeds mounted at right angles (Nuccitelli,

1986). The signal from the vibrating electrode was con-

nected to a low noise differential FET preamplifier with

a gain of 100. The output of the preamp was connected

to a two-phase lock-in amplifier that detects both in-

phase and quadrature components of the signal (Model

NR-2000, Vibrating Probe Co.). An A-D converier (Lab-
master TM40 PGH, Scientific Solutions) digitizes the

signal, which is analysed by an IBM PC-XT computer.
The computer calculates the average current vector and

displays a graphic vector in real time over the video im-

age of the embryo being studied (Nuccitelli, 1986). The
vector angles and magnitude were stored on a hard disk

while the video images with computer graphics were

stored on video tape for further analysis.

The magnitude of the vector normal to the surface

plane of the embryo was calculated as follows: the rela-

tive angle of the surface was measured from the screen

image of the embryo by drawing a line tangent to the

surface at the probe measuring point. The angle of this

line was subtracted from the calculated vector angle and
the magnitude was recalculated. These vectors represent
the outward and inward currents normal to the surface

for the purpose of comparison of currents from different

embryos and making comparative graphs.

The vibrating electrode was calibrated by measuring
the current pattern around a microelectrode through
which 2-5 nA of current was injected. A single embryo
was placed in the probe chamber with 1 ml DMEM with

25 mM HEPES and 33% fetal bovine serum (FBS)
heated to 37C with an air curtain incubator mounted
beneath the stage. The chamber temperature was mea-
sured with a temperature probe held adjacent to the em-

bryo with a micromanipulator. The surface of the cham-
ber was covered with 1 ml paraffin oil (Thomas scientific)

to prevent evaporation and the vibrating probe was low-

ered into the chamber. A fire-polished holding pipette

attached to a Narashige micromanipulator was used to

orient and fix the embryo in the preferred orientation

using mild suction.

For microelectrode recording and penetrations, a sec-

ond Narashige micromanipulator was placed opposite
the holding pipet. A 10 Mfi pipet was filled with 3M KC1
and positioned adjacent to the vibrating probe. The ionic

current pattern was recorded prior to penetration, during

impalement, and after the microelectrode was with-

drawn, to determine whether an artincally created leak

in the embryo would lead to an increase in the observed

ionic current.

Scanning electron microscopy

7.5-day embryos were washed in Dulbecco's phos-

phate-buffered saline and then immersed in a solution of

3% glutaraldehyde in 0. 1 A/Na Cacodylate for 6 h. After

fixation, specimens were rinsed in cacodylate buffer

twice and post-fixed in 2% osmium tetraoxide in 0. 1 M
Na cacodylate for 2 h at room temperature. Dehydration
was performed through graded alcohols ending in two

changes of absolute anhydrous ethanol. Critical point

drying was accomplished in a Bomar model APC-900/
Ex critical point dryer with Matheson bone-dry CO: .

Embryos were mounted on studs with silver paste and

gold coated in a Technics Hummer sputter coaler V until

a 150-200 Angstrom coating was achieved. Scanning
electron microscopy was performed in a Cambridge Ste-

reoscan-150 microscope at 20 kV with a 100 /urn aper-

ture.
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Figure 1. Light micrograph of representative late 7.5-day mouse

embryos. Upper right embryo in optical para-saggital section shows

several features ofthe mouse embryo. The foregut (fg) is still developing

while the hindgut (hg) is just beginning to invaginate. The archenteron

(ar) is just anterior to the swelling anterior to the hindgut. Several so-

mites (so) are visible along the midline. The outline of the amnion (am)

is barely visible. Lower left embryo shows a frontal optical section of

the foregut. Neural folds (nf) are the most visible feature. Head folds

(hf) can be seen through the yolksac endoderm. The arrow denotes

the anterior border of the foregut from which the heart will eventually

develop. Bar = 0. 1 mm.

Results

The three-dimensional nature of the mouse embryo
made its orientation a crucial factor for obtaining repro-

ducible current patterns. Therefore only embryos that

could be correctly positioned were used for recording

purposes. We further insured that the midline of the em-

bryo was positioned properly using the head fold struc-

tures to optically orient the embryo in a para-saggital po-

sition (Fig. 1 ). Several embryonic structures were also

used to determine the recording points of the probe. We
used seven routine recording positions (Fig. 2). Begin-

ning at the ectoplacental cone, we studied three extraem-

bryonic positions, with the third position nearest the am-

nionic junction denoting the extraembryonic-to-embry-

onic transition. Then, continuing from the foregut, we

recorded adjacent to four embryonic positions: the fore-

gut, two midgut locations, and the hindgut. The current

pattern measured around a representative embryo (Fig.

2a) shows that the maximal outward current is over the

foregut. We recorded outward current densities at the

foregut that sometimes exceeded 60 ^A/cm
2
(S.E.M.), al-

though the average ofoutward currents from 2 1 embryos
was 20.2 0.4 ^A/cm

2
(Fig. 3). Both anterior and poste-

rior to the foregut region the current density gradually

decreased. At the anterior extraembryonic junction the

current often abruptly reversed becoming inward. Poste-

riorly, toward the hindgut, the current also decreased and

sometimes changed to an inward current. However, the

recordings in this region proved to be more variable, and

we were often unable to- record from this region based

upon the orientation of the probe relative to the embryo.
When the embryo was reoriented and rescanned with the

probe, the region of inward-to-outward current shift was

variable, although the current usually turned inward just

past the hindgut and towards the ectoplacental cone re-

gion the current was always strongly inward. The maxi-

mal inward current was always closest to the ectoplacen-

tal cone region (4.8 ^A/cnr). However, there were a few

cases of outward current (2/21) in this region. Since the

current was predominately inward if the ectoplacental

cone was left intact and always strongly outward if re-

moved, it is possible that this outward current may have

been due to leakage from a tear in the extraembryonic

endoderm during the dissection.

When the embryo was repositioned and rotated in the

frontal plane, we recorded outward current that was larg-

est over the midline and declined gradually within 50 ^m
to either side (Fig. 2b). This suggests a transembryonic

current pattern leaving the embryonic region of the em-

bryo, strongest along the midline, and returning via the

extraembryonic yolk sac endoderm.

We performed several experiments to determine the

nature ofthese ionic currents. Holding the chamber tem-

perature constant, we recorded the current over the fore-

gut. Under constant-temperature conditions, the magni-

tude of the current leaving the foregut was stable over a

two-hour observation period. In another experiment, the

air curtain incubator was turned off while the outward

current was measured. During this 21-min period, the

chamber temperature dropped from 36.5 to 29C. Mean-

while, the maximal outward current decreased from 1 3.0

0.4 jjA/cnr to 3.6 0.1 ^A/cm
2

. This demonstrates

that the maintenance of the outward current requires a

stable physiological temperature.

The observation that the outward currents diminished

with a decrease in temperature, suggested the involve-

ment of active transport, possibly the Na+
/K

+-ATPase.

Therefore we investigated whether ouabain, a specific
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Figure 2. (a) Parasaggital view of 7.5-day embryo in the recording chamber with the computer vectors

superimposed over the video image. The mouse embryo is held from the right with a fire-polished holding

micropipet. The IBM-XT computer displays the current vector at each position. The magnitude of the

current is represented by the length of the vector, while the direction of the vector shows the current

direction. Note that maximum outward current is detected over the developing foregut (fg). As the probe

is moved both anterior and posterior to the foregut the outward current decreases. Anterior to the foregut.

an arrow marks the juncture between the embryonic and extraembryonic region. At this juncture note

how the outward current abruptly reverses direction and the current vectors now point inward. Posterior

to the hindgut (hg) note how the current vectors gradually begin to turn inward, representing an inward

ionic current. Bar = 0. 1 mm. (b) Three current vectors recorded from a 7.5-day embryo in frontal orienta-

tion. The foregut is in the foreground, while the hindgut is hidden. The current vectors indicate that the

maximal current is outward along the midline, and falls ofTsharply as the probe is moved laterally towards

the yolk sac (ys). Bar = 0. 1 mm.

ATPase inhibitor (Borland and Tasca, 1974), would in-

terfere with the current pattern. In our initial experi-

ments, we added 100 iiM ouabain to the media, after we

had done a control recording of the current pattern.

However, we observed no change in the current pattern

even after a few hours of exposure to ouabain. Similarly,

culture of embryos in 100 pM ouabain had no develop-

mental effect on the embryos. We also attempted to use

amiloride to block Na+
channels and the Na+

/H
+
trans-

porter (Simchowitz and Cragoe, 1986). After an 18-min

stable recording period with the probe. 0. 1 ml of 500 pM
amiloride was added to the recording chamber to give a

final concentration of 50 pM. The outward current was

then monitored for a further 30-min interval. We ob-

served no changes in the current relative to the reference

current. However, these results are not conclusive as nei-

ther of these inhibitors may have reached the internal

membranes where the Na+
channels and the Na+

/K
+

ATPase reside.

The large magnitude of these ionic currents suggested

that they might play some role during development, pos-

sibly by affecting migration of certain embryonic cells

during gastrulation. As the mouse embryo in situ is com-

pletely surrounded by the parietal yolk sac (Reichardt's

membrane) and the decidua, our in vitro conditions may
not have been indicative of the normal current pattern.

Both this membrane and the decidua could further re-

strict these currents forcing them along the plane of the

embryo surface, rather than away from the surface as our

current measurements indicated. Therefore, in a few em-

bryos, we left Reichardt's membrane intact during the

dissection to see how the current pattern would be

affected. In two embryos, we recorded the current with

Reichardt's membrane intact. In both embryos, the cur-

rent pattern was similar to those without the membrane.

Inward current was recorded over the extraembryonic

endoderm. while outward current was detected emanat-

ing from the midline of the embryonic portion. The

maximum outward current at the foregut was 3.8 0.7

nA/cm
2

, while the maximum inward current was 6.3

0.8 nA/cm
2

. For another embryo, the maximum in-

ward and outward current was 5.3 0.4 /uA/cm
2 and

-13.4 0.8 nA/cm
2

, respectively. Thus, in both these

cases, the outward current pattern appeared to be re-

duced over the embryonic portion, while the extraem-

bryonic inward current was less affected.
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Figure 3. Diagramatic display of results from studies of 2 1 postim-

plantation mouse embryos. The numbers ( I -7 ) along the inner margin

of the embryo represent the probe recording positions. At each position

the length of the arrow represents the average current vector (MA/cnr)

of all of the embryos. The numbers beneath each vector show the num-

ber and percent of embryos exhibiting current with this polarity. In a

few embryos the detected current polarity was opposite to the average

orientation. Note that at the embryonic/extraembryonic junction the

inward current was more variable and likewise the average inward/out-

ward magnitude was reduced. The point of maximum outward current

was observed to be over the developing foregut, while the maximal in-

ward current was over the extraembryonic yolk sac nearest the ectopla-

cental cone.

To further characterize the nature of these currents,

we tested whether an artificially created leak, such as in

puncture of the embryonic epithelium by a micropipet,

would result in an outward current greater than that ob-

served with an intact epithelium. This is indeed the case

and in an embryo exhibiting a typical outward foregut

current of 1 1.5 ^A/cm
2

, we recorded currents of 41.8,

1 1 .5, and 1 5.5 ^A/cm
2
at 2, 4, and 6 min after puncture

with a micropipet. The larger value recorded initially

supports the interpretation that the outward current is a

passive leakage current. After a short interval oftime this

current stabilized to a value similar to that before injury,

suggesting that the leak was repaired after a few minutes.

This observation supports the hypothesis that outward

current at the primitive streak is a passive leak due to

the reduced junctional resistance along the embryonic
midline (Jaffe and Stern. 1979).

The above experiments suggested that we might be de-

tecting ionic currents caused by ions leaking from the

amnionic cavity at junctional regions of low resistance.

It is possible that these regions oflow resistance may cor-

respond to the site of gastrulation or other cellular rear-

rangements. Therefore, we utilized scanning electron

microscopy to examine the cell morphology overlying

the embryonic midline to detect areas of cellular rear-

rangement or other obvious discontinuities in the epithe-

lium. The endoderm overlying the embryonic portion of

the embryo was typically flattened and squamous with

small micro plicae (Fig. 4a, b). There were no obvious

cellular discontinuities along the midline of the embryo
from foregut to hindgut, except in the region of the arch-

enteron (Fig. 4c). This particular region was not associ-

ated with any significant changes in the current pattern.

In fact it is unusual that such a major morphological dis-

continuity had no effect on the observed current pattern.

This result suggests that morphological alterations at the

gross level are not easily correlated with the observed

ionic current pattern.

Discussion

Gastrulation in the mouse embryo involves the rear-

rangement of cells along the midline of the embryonic

region of the embryo. At various regions along the mid-

line, the underlying mesoderm is closely associated with

the overlying endoderm (Poelman, 1981; Tam and

Meier, 1982). We have shown that the current along the

midline is predominantly outward, suggesting a leakage

of ions through areas of reduced junctional resistance

possibly due to cellular remodeling. Over the foregut of

the embryo we detected the largest outward currents sug-

gesting that either the cellular junctions were more leaky

in this region or that the underlying driving force was

greater. Evidence from the chick embryo showed that the

epiblast or ectoderm of the chick embryo was the source

of the current as it contained the Na +
/K

+ ATPase re-

sponsible for the generation of the ionic gradients (Stern,

1982; Stern and MacKenzie, 1983). In the mouse em-

bryo, there is a greater mass of ectoderm (neural ecto-

derm) underlying the foregut region due to the formation

of the developing brain (Jacobson and Tam, 1982). The
enhanced ion flux generated by this expanse of neural

ectoderm could be the basis of the larger outward current

over the foregut. McCaig and Robinson (1982) showed

that transepidermal currents began at neurulation in the

frog. Thus the neural ectoderm could be the source of

the currents that would increase as neurulation begins.

This idea is supported by the observation that in younger
mouse embryos, in which the head fold (neural ecto-

derm) was not fully developed, the outward current over

the foregut region was reduced. An alternative explana-

tion is that the fairly massive cell death occurring in the

midline (Poelmann, 1981) could provide a region of low

resistance resulting in a localized increase in current den-

sity.
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Figure -I. Scanning electron micrograph of overlying endoderm of a typical 7.5-day embryo, (a) View

of whole embryo for orientation. The foregut (fg) is to the left and the hindgut (hg) is to the right. The

embryonic endoderm spans the whole embryo from foregut to hindgut with the only epithelial discontinu-

ity over the archenteron. Bar = 0. 1 mm. (b) A frontal view of the region between the foregut and hindgut

show that the endoderm is continuous. In particular, the cells overlying the foregut are not morphologically

different from the endoderm cells over the midline. However, at the archenteron there is a break in the

endoderm and different cells appear to be protruding. Bar = 50 Mm. (c) Magnified view of the archenteron

region. Note that the underlying cells are morphologically quite different from the endoderm cells. They
are smaller and have a single cilium protruding from the cell. In cross-section (not shown) these cells are

columnar compared to the squamous endoderm cells (see Poelman. 1981). Bar = lO^m.

The inward current pattern also showed variations in

magnitude. The extraembryonic currents in general were

smaller than the embryonic currents. However, the ex-

traembryonic endoderm, through which the outward

current completes the current loop (Fig. 5), has a greater

surface area than the embryonic region. Therefore, one

would expect to see currents larger in magnitude ema-

nating from the embryo, with smaller currents returning

via the extraembryonic endoderm. The inward current

was always maximal nearest to the ectoplacental cone

region. This observation reinforces the proposition that

the extraembryonic endoderm is a pumping epithelium.

In cross section the extraembryonic endoderm is increas-

ingly more columnar toward the ectoplacental cone

(Snell and Stevens, 1966; Snow, 1976) and the number

and density of microvilli are also higher in that region

(Tamarin and Boyde, 1976; Tarn and Meier, 1982).

Therefore, as the extraembryonic endoderm develops

into a more effective pumping epithelium, one might ex-

pect that the inward currents generated would also in-

crease.

In our experiments we were unable to determine the

source ofthese currents, however since a decrease in tem-

perature also reduced the current, it is likely that some

of the currents are generated by an active transport

mechanism. The fact that a break in the epithelium

caused a dramatic increase in the outward current sug-

gests a passive leakage of ions out of the embryonic re-

gion, which implies that the ionic pumps may be situated

in the extraembryonic endoderm. Eventually we plan to

localize the Na +
/K

+
-ATPase with

[

3

H] ouabain, as did

Stern and MacKenzie ( 1 983) who found that the ATPase

was situated on the basal surfaces of the embryonic epi-

blast. Additionally, they found that the Na+
/K

+-ATPase

was also located apically at the primitive streak, suggest-

ing an active pumping of ions outward from the streak

(Stern and MacKenzie, 1983). Although none of the in-

hibitor drugs we applied had any effect on these currents.
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Figure 5. Composite diagram of the ionic current pattern in the

7.5-day mouse embryo. The current is outward along the embryonic

midline. while the maximal outward current is primarily over the fore-

gut. This transembryonic current will then complete the current loop

returning as inward current via the extraembryonic endoderm.

they may not have had access to internal epithelia.

Therefore in future experiments we plan to inject ATP-

ase inhibitors and channel-blocking drugs into the amni-

otic cavity to bypass this limitation. Furthermore, we

would like to determine which ionic species are responsi-

ble for the majority ofthe ionic current. Thus we are con-

ducting ionic substitution experiments to establish the

ionic character of these currents (Winkel and Nuccitelli,

1987).

The morphology ofthe endoderm overlying the primi-

tive streak and anterior to the head process had little rela-

tionship to the detected current pattern. In scanning elec-

tron micrographs, the cells in the midline appear contin-

uous from the foregut, where the outward current is

greatest, to the archenteron where the outward current

is reduced. Despite the fact that there is a hiatus in the

endoderm at the archenteron, as the cells ofthe head pro-

cess emerge (Poelman, 1981; Tarn and Meier. 1982), the

outward currents are not affected by this morphological

discontinuity. Therefore, changes in morphology overly-

ing the embryonic regions of the mouse embryo are ap-

parently unrelated to the ionic and junctional changes

occurring within the epithelium.

The ionic current pattern demonstrated here may be

indicative ofa morphogenetic event, such as gastrulation

in the mouse embryo, and may even be influencing mor-

phogenetic cellular rearrangements as gastrulation pro-

ceeds. The currents we detected are strong ionic currents.

Currents on the order of 20 to 40 j/A/cm
2
recorded 20

nM from the cell surface translate into higher currents at

the cell surface of the epithelium. Currents of this magni-

tude could generate significant electric fields along cells

in the primitive steak region that could guide cell move-

ment. Studies in the chick have shown that fields as low

as 10 mV/mm can direct migration of cells towards the

cathode (Erickson and Nuccitelli, 1984). Similarly, the

mesoderm cells in the mouse embryo may be responsive

to the electric fields generated by ionic currents along the

midline. In the chick embryo, the current leaves the

primitive streak with chick mesoderm cells traveling

against the current. However, in the mouse embryo, the

mesoderm cells would be migrating in the same direction

as the current. The possibility that mouse mesoderm

cells are responsive to electric fields in vivo remains to be

demonstrated.
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Abstract. Extracellular electrical currents were re-

corded using a computer-controlled scanning vibrating

electrode from gastrulating chick blastoderms cultured

in vitro. On the ventral surface, currents of 10-20 j*A/

cm 2

diverged from the area opaca and turned around the

margin of blastoderm across the vitelline membrane.

Weaker currents (1-10 nA/CITT) converged to the antero-

lateral area pellucida and penetrated it in the ventrodor-

sal direction. On the dorsal surface, currents returned to

the area opaca from the margin and from the center of

area pellucida. During development, the pattern of cur-

rents remained similar on the dorsal surface while the

leaky area on the ventral surface progressively extended

to all the periphery of area pellucida. The intensity of

currents in the blastoderm oscillated with a period of 5 to

6 min. This spatio-temporal organization ofextracellular

currents is compared to physiological activities ofembry-
onic cells in different regions of the blastoderm.

Introduction

The chick blastoderm is a discoidal structure formed

by the ecto-, meso-, and endodermal cell layers. The em-

bryonic cells show a remarkable functional differentia-

tion in energy metabolism (Raddatz and Kucera, 1983,

1988; Kucera et ai, 1984), mechanical behavior (Kucera

and Burnand, 1987a) and formation ofextracellular ma-

trix (Monnet-Tschudi et a/.. 1985). This differentiation,

observed already during the first day of incubation, is re-

lated to the position of cells within the blastoderm and

may depend on relatively simple intercellular communi-
cations such as diffusion of metabolites and ions (Kucera
and Monnet-Tschudi, 1987). Experiments using the vi-

brating probe (Jaffe and Stern, 1979) and radioisotopes

(Stern and MacKenzie, 1983) have suggested the exis-

tence in the embryo of organized electrical currents

probably linked to sodium flux across the epiblast.

Recently, by using the voltage-clamp technique, we
showed that both areas of the blastoderm the extraem-

bryonal area opaca and the embryonal area pellucida

actively transport sodium but differ in their electrophysi-

ological properties. The former area generates stronger

and regularly oscillating short-circuit current. The latter

area is more leaky and generates weaker and rather stable

current (Kucera and Katz, 1988).

In this paper, the extracellular distribution of these

currents is studied in the whole chick blastoderm using

a technique of vibrating electrode (Jaffe and Nucitelli,

1974).

Materials and Methods

Blastoderms at stages 4 to 8 of Hamburger and Hamil-

ton, obtained from eggs preincubated for 1 8 to 24 hours,

were excised with the vitelline membrane, cleaned from

the adhering yolk, and mounted in incubation chambers

casted from silicone. The vitelline membrane was

stretched over a ring protruding from the bottom of the

chamber and fixed by a steel ring. The space under and

over the preparation was filled with a Tyrode solution of

the same composition. Blastoderms were mounted

mostly in the inverted position, i.e., with the ventral side

up. In those mounted in the upright position, the vitel-

line membrane was left either intact or circularly opened
to expose the ectoderm of the embryo. The chamber was

inserted in a thermostabilized support and maintained

at 36.5C. This culture, allowing a normal development
for at least three additional days, has been extensively

used and described in detail (Kucera and Burnand,

1987b).

The thermostabilized preparation was fixed on a mo-
torized table controlled by a microcomputer (Fig. 1, left).

Before each record, a preliminary step-to-step scan was

118
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Figure 1 . Scanning of extracellular currents in the blastoderm. Left: the experimental set up. The blas-

toderm attached to vitelline membrane is spread over the ring at the bottom of the chamber (stippled).

The electrode (bent needle) vibrates in parallel or vertically to the plane of the preparation. Right top:

photograph of the blastoderm of stage 4 of Hamburger and Hamilton. Right bottom: currents recorded

using vibrations parallel (Ix), transversal (ly). and vertical (Iz) to the direction of scanning. These profiles

correspond to the level indicated on the photograph by the two arrows.

done to adjust and memorize a constant distance ( mostly

125 ^m) from the preparation to the electrode tip. A pro-

file interpolated from these measurements was used to

control the height of the table during the scan done at 6

mm/min. Visual control and photographs of the prepa-

ration were done using a binocular microscope.

The electrode was made of a bent tungsten wire insu-

lated with glass and the tip (about 5 yum) was plated with

gold. The electrode was inserted into a miniature ampli-

fier fixed on the oscillating arm of an ECG scriptor. The

frequency of driving oscillation (around 1 80 Hz) was ad-

justed to produce a stable resonance ofthe vibrating elec-

trode and the amplitude of vibration was held at 250 /jm.

The potential difference between the extreme positions

ofthe electrode tip was detected by using a lock-in ampli-

fier with a time-constant of 0.1 s. The calibrations were

done in the Tyrode solution between two square parallel

electrodes generating a sinusoidal current of 2.5 ^A/cm
:

.

Each scan was done twice with the vibration parallel

and, after 90 rotation of the probe, transversal to the

direction of scanning. The corresponding currents were

labelled Ix and ly. The vectorial sum ofthese two compo-
nents, parallel to the preparation was superimposed on

the image of preparation (Fig. 2).

A frequency of about 200 Hz elicited at the tip of the

bent needle a circular oscillation in the plane perpendic-

ular to the preparation. In some cases, this mode was

used and the detection phase adjusted to measure the

vertical current (Iz).
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S45

Figure 2. Maps of the extracellular currents parallel to the ventral surface of the blastoderm. Divergent

pattern of strong currents in the area opaca contrasts with weak currents in the area pellucida. In the S45,

at the intersection of vertical and superior scans, the currents converge into the proamniotic region. In the

S43. strong currents flow towards a hole made in the posterior area opaca.

Results

Twenty-two embryos were considered: 1 7 mounted in

the inverted position, 5 in the upright position.

Spatial pattern in the stage 4

The blastoderm of the stage 4 (Fig. 1 , upper right) con-

sists of the central area pellucida in which the primitive

streak indicates the axis of the embryo and of the periph-

eral area opaca (loaded with yolk), the marginal cell of

which attaches to the vitelline membrane. Examples of

currents recorded from the ventral side ofthe blastoderm

and from left to right are shown in Figure 1 (lower right).

The currents were already detectable outside of the

blastoderm, at about 1 mm from the margin. Here, the

Ix and Iz, positive and negative, respectively, indicate

that the current flowed from the area opaca and traversed

the vitelline membrane in ventrodorsal direction. The Ix

were always maximal near the margin and then attenu-

ated towards the area pellucida. The Iz was now positive,

indicating that the current was emerging from the area

opaca in the dorsoventral direction. In the area pellucida,

the negative Ix and nul or slightly negative Iz indicate

that the current converged towards the axis of the blasto-

derm and might eventually cross it in a ventrodorsal di-

rection. The currents were bilaterally symmetrical.

The profiles recorded from the dorsal surface of the

stage 4 show currents flowing towards the area opaca
from the outside of blastoderm and from the center of

area pellucida (Fig. 1, lower right).

The maps of vectors resulting from the addition of

ventral Ix and ly components are illustrated in Figure 2.

They show that the blastoderm behaves mostly as a

source ofdivergent currents with the exception of the an-

terior horseshoe-shaped part of the area pellucida (future

proamnios) which seems to drain currents from the adja-

cent regions.

Temporal aspects

In embryos of different stages ofdevelopment, the dor-

sal pattern of currents remained similar to that described

above, i.e.. large centripetal and minor centrifugal cur-

rents flowing towards the area opaca. In contrast, the

ventral pattern in the center of blastoderm was rapidly

changing. Namely, the regions where the current pene-

trated ventrodorsally through the tissue became larger

and better delimited as shown in Figure 3 (left). In one

very young stage 4, the current actually converged upon
the area pellucida (upper profile) but at the stage of fully

developed primitive streak, it spread out from it (middle

profile) and was in part directed towards the proamniotic

region. From the stage 5, progressively all the peripheral

area pellucida drained the current (lower profile).

Within a given embryo, the current spontaneously
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Figure 3. Temporal evolution of the ventral currents. Lett: profiles recorded at the mid-level of primi-

tive streak in successive stages of development (interval of 6 h). The area pellucida changes from a current

sink to a current source, while two sinks appear laterally. The left one is located in between the a and b.

Right: profiles recorded at 54-s intervals over the region a-b. covering the boundary
1 between the area opaca

and area pellucida (see the stippled scheme). The currents recorded at the points a and b and plotted with

respect to time (a', b' ) reveal 4. 5 oscillations in 24 min. This periodicity is suggested even in the fluctuations

of the mean value (M) of all the points of the scan.

fluctuated on the scale of minutes. Rather regular varia-

tions, with a period of about 5 to 6 min, were observed

over the internal part of area opaca (Fig. 3, right). This

phenomenon was less expressed in the area pellucida.

Nevertheless, all points of the scans, even if averaged, in-

dicated the same periodicity.

All currents in the blastoderm were abolished after 45

min in the presence of 1(T
4
mol/1 ouabain (not shown).

Discussion

The current profiles show that the entire extraembryo-
nal area opaca is traversed dorsoventrally by electrical

currents, which leave its ventral side and return to its

dorsal side mainly around the margin of blastoderm and

to a smaller extent also through the area pellucida. Jaffe

and Stern (1979) made local recordings from the dorsal

face ofarea pellucida at stages 3-4 and found mostly cen-

trifugal currents up to 20 ^A/cm
2

. Our values are slightly

lower but in excellent agreement with the data from volt-

age-clamp experiments showing that the area opaca is

rather tight (400-1000 ft cm 2 and generates relatively

high transembryonic sodium current and potential (16-

22 ^A/cm
2

, about 8 mV, respectively) while the area pel-

lucida is rather leaky (200-400 ft cm 2

) and generates

lower transembryonic current and potential (about 8

jiA/cm
2 and 2mV. respectively) (Kucera and Katz,

1988). Under our conditions, similar to the situation in

ovo, the cells are actually stretched by the tension ac-

tively generated in the blastoderm (Kucera and Bur-

nand. 1987). The stretching decreases not only the

amount of transporting sites per unit area of the embryo
but also the paracellular resistance (unpub. results) and

hence the current density.

Jaffe and Stern (1979) found that the primitive streak

allows for ventrodorsal currents. This finding is con-

firmed by the scans from the dorsal, but not from the

ventral, side of blastoderm. In fact, the streak behaves

ventrally as a current source. Furthermore, the leaks in

the lateral parts of the area pellucida do not seem to be

present dorsally. At present, we have no knowledge
about the currents within the embryonic cavity and

think that the currents generated by the both areas are

short-circuited through the endoderm and ectoderm of

the area pellucida.

Thus the ring-shaped area opaca generates two fami-

lies of current loops arranged in a toroidal manner. The

loops in the external torus diverge ventrally towards the

periphery, cross the edge of blastoderm, and converge

upon the dorsal side of area opaca. These currents are

strong and radially symmetrical. The loops forming the

internal torus converge ventrally and anteriorly, cross

the anterolateral limits of area pellucida, pass through

the embryonal cavity, emerge from the ectoderm in a

fountain-like manner, and close on the dorsal surface of
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area opaca. These currents are weak and bilaterally sym-

metrical. The two systems of loops, especially the exter-

nal one, can show oscillations with a period very compa-
rable to that measured in short-circuited conditions, i.e..

about 5 min (Kucera and Katz, 1988).

Could there be any physiological correlates to such a

spatio-temporal organization of currents in the blasto-

derm?

Studies done in the area opaca (Monnet-Tschudi el a/.,

1985; Kucera and Burnand, 1987; Kucera and Monnet-

Tschudi, 1988; Monnet-Tschudi and Kucera, 1988)

have shown that ( 1 ) in the internal zone, the ectodermal

cells are stretched, show organized myosin filaments,

and form a dense punctated pattern of extracellular fi-

bronectin (this zone is traversed by dorsoventral currents

which very likely correspond to active sodium trans-

port); (2) in the external zone, the ectodermal cells are

permanently contracted, do not show organized myosin
but their extracellular matrix is arranged radially some-

times in very long filaments in which the fibronectin

staining decreases towards the periphery (in this zone,

the currents flow radially and in parallel to the blasto-

derm); and (3) at the margin of blastoderm, the ectoder-

mal edge cells attach to the vitelline membrane and mi-

grate upon it, show no organized myosin and fenestrated

basement membrane (this zone is traversed by ventro-

dorsal currents).

Studies done in the area pellucida ( Kucera and de Ri-

baupierre 1982; Kucera and Burnand, 1987a) have

shown that (1) tissue viscosity (possibly reflecting the

state of cytoskeletal elements) oscillates with a period of

about 5 min; (2) migration of mesodermal cells leaving

the primitive streak is saccadic with a period of about

5 min; and (3) repetitive local field stimulations (anode

ventrally) leads to contractions and ectopic accumula-

tion of cells in the mesodermal layer.

Thus, indeed, to each pattern of cell behavior might be

correlated a particular pattern of extracellular currents

and the embryonal cells do react in response to experi-

mentally induced electrical currents. However interest-

ing these observations may be, the possible role of such

currents as mediators of epigenetic information in the

morphogenesis remains still to be experimentally dem-

onstrated.
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Abstract. Cultured mouse fibroblasts (L cells) respond

to a complement subcomponent, Clq, with hyperpolar-

izations and exhibit chemotaxis toward this ligand. Us-

ing a vibrating probe extracellular recording technique,

we have studied whether extracellular electric currents

are associated with directed migration or chemotaxis of

the fibroblasts. The fibroblasts under directed migration

were obtained in wounded monolayer cultures. Extracel-

lular electric currents were too small to be detected

around these migrating cells by means ofa vibrating plat-

inum black electrode (about 30 ^m in diameter). To con-

verge the current around migrating cells to a narrow

space, a disk-like coverslip (with a central hole of 1 mm
in diameter) was laid over wounded cultures. Thus, siz-

able electric currents (0.1-2.4 /uA/cnr) could be re-

corded at an aperture opening of the coverslip on

wounded cultures in a weakly conductive medium. The

currents always flowed to the leading front of the migrat-

ing cells. No current was detected on non-migrating fi-

broblasts. A chemoattractant (Clq) added in front of mi-

grating cells induced biphasic changes in the electric

current.

Introduction

Fibroblasts migrate into a wound and play a central

role in the healing process (Ross, 1968). Recently we

(Oiki and Okada, 1988) showed that cultured mouse fi-

broblasts (L cells) respond with chemotaxis and hyperpo-

larizations to a subcomponent of the complement Cl

component, Clq, which is accumulated in areas of in-

flammation (Appel el al. 1978). There is a possibility

that extracellular electric fields are associated with polar-

ized fibroblasts, which are exhibiting electrical mem-

'

Present address: Department of Physiology, Osaka Medical Col-

lege, Takatsuki City. Osaka 569. Japan.
: Author to whom reprint request should be addressed.

brane responses, under chemotactic migration to a

wound. The purpose of this paper is to detect electric

fields around fibroblastic L cells migrating to a wound by

the vibrating probe technique (Jaffe and Nuccitelli,

1974) and to examine effects of Clq on the extracellular

electric current.

A preliminary account of some of these results has

been given in abstract form (Oiki et al., 1985a).

Materials and Methods

Mouse fibroblastic L cells were cultured in Fischer me-

dium (Nissui Co.) supplemented with 10% bovine se-

rum. Studies with vibrating probes were made using the

monolayer cells cultured for 5 to 7 days in 3.5-cm plastic

petri dishes (Falcon). A wound model was obtained by

scraping away the central or circumferential part of the

confluent cell sheet (see Fig. 3). After 3- to 5 h-culture,

fibroblasts under directed migration were found at the

periphery of the wound. After replacing a culture me-

dium with a control or a low-conductivity saline ofabout

2 ml. extracellular electric fields were measured with a

vibrating electrode (Vibrating Probe Co., Davis, Califor-

nia), according to Jaffe and Nuccitelli (1974). Vibrating

electrodes with a spherical platinum black (about 30 /urn

in diameter) were made as described by Nawata (1984).

The probe was vibrated in a horizontal plane at about

1 50 Hz between two extracellular points about 30 nm
apart at 25C. The output voltage from a lock-in ampli-

fier was recorded on a chart recorder through a prefilter

with a time constant of 1 s. To detect electric fields de-

rived from migrating fibroblasts, the probe was placed

around the cells (especially at the leading front end) or at

the edge of the aperture opening of a disk-like coverslip

laid over the monolayer cells (see Results). The control

saline contained (in mTl/) 137.5 NaCl, 4.2 KC1, 0.5

MgCl2 , 0.9 CaCl2 , 10 HEPES-NaOH (pH 7.3), and 10

mannitol (resistivity 56 12-cm). The low-conductivity sa-
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(a) control saline (b) low-conductivity saline

1.UV

1 min

r~

2r

\
<

-2 L

Figure 1. Responses of the vibrating probe to the known current

density (1.6 pA/cnr) in the control (a) and the low-conductivity sa-

lines (b).

line (resistivity 0.7 kfi-cm) was obtained by replacing

NaCl in the control saline with 270 mM mannitol. The

calibration of the output of the vibrating system was

made by applying known current densities in both sa-

lines in each experiment (Fig. 1). Freshly isolated human

Clq (Oiki and Okada, 1988) was administered to the cells

at the final dose of 100 ng,/m\.

Results

Wounding a monolayer resulted in cell migration only

at the periphery of the wound within 3-5 h. At the lead-

ing front end of migrating L cells, the ruffling structure

(lamellipodia), which is a locomotion organ of fibroblasts

(Abercrombie el al, 1 970), was always observed. Around

these migrating fibroblasts (even at the leading front

end), vibrating probes failed to detect extracellular cur-

rents in a control or a low-conductivity saline. In an at-

tempt to converge the scanty current, if present, to a nar-

row space, a disk-like device with a central hole ( 1 mm
in diameter) was directly laid over monolayer cells mi-

grating from the circular wound edge (Fig. 2). This device

consists of a disk-like coverslip glued on a plastic disk

spacer. At the edge of the aperture opening ofa coverslip,

currents in the range of 0.08 to 3 n/A/cm
2

(mean S.E.:

0.64 0.24 |uA/cm
2

, n =
1 1 ) were consistently recorded

on wounded cultures in a weakly conductive saline (Fig.

20 mm

=o.17 mm

07mm

migration
monolayer L cells

migration

Figure 2. Schematic drawing of an apparatus to converge the cur-

rent around migrating cells to a narrow space. The device (c) consists

of a disk-like coverslip (a) with a central hole (the upper edge of which

should be sharp to eliminate a "barrier artifact") and a plastic disk

spacer (b). Both disks were glued with each other with epoxyresin. The

spacer was directly laid over monolayer cells around the circular wound

edge without crashing them. The extracellular currents around cells mi-

grating into the wound (centrifugally, in this scheme) can be converged

to the aperture opening of a coverslip, because the resistance via a space

between the migrating cells at the wound edge and the disk-like plastic

spacer must be very high, as illustrated in c. The current thus converged

was measured by a vibrating probe (vp) at the edge of the aperture. A

"barrier artifact" was never observed, when the probe was horizontally

vibrated above a horizontal plane at the coverslip in the vicinity of the

aperture opening.

3). On the uninjured confluent cultures, currents were

never recorded even using such a current-converging de-

vice. Immediately after wounding, the current could not

be detected on the cells that had not yet exhibited migrat-

ing morphology. When the central area of monolayers

Figure 3. Representative recordings of extracellular currents flow-

ing to a leading front end of the migrating L cells in the wounded mono-

layers. Significant currents were detected when the vibrating probe was

translocated from the vicinity of a reference electrode (at ref) to the

edge of the aperture opening (at vp).
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Figure 4. Clq-induced changes in the extracellular fields derived

from L cells migrating into the wound (a-c). Addition of the saline

(the Clq solvent) alone induced no response (d). Clq (100 Mg/ml) or the

solvent saline was added at the front of centrifugally migrating L cells

(at asterisk) at the time indicated by arrows, vp and ret are the same as

those in Figures 2 and 3. Note that the extracellular current flowing

to the leading front end of migrating fibroblasts increased (the peak

amplitude of 0.05-0.23 /lA/crrr) for about 20 s after the brief decrease

upon the Clq application.

was wounded and thus the cells were found to centripe-

tally migrate, the aperture opening above the wound area

was always the sink for current (Fig. 3a). In contrast, the

opening above the intact part of monolayers was the

source, when the circumferential area was scraped away
and the cells were found to move centrifugally (Fig. 3b,

Fig. 4a).

When a complement subcomponent Clq, which is a

chemoattractant for L cells and evokes hyperpolarizing

responses in the cells (Oiki and Okada, 1988), was ad-

ministered in front (but not at the rear: Fig. 4a, bottom

trace) of the migrating L cells, biphasic changes in the

profile of extracellular fields were observed in all three

experiments (Fig. 4). In the saline without cells or on the

unwounded monolayer culture, the Clq responses were

not observed.

Discussion

The present data obtained with vibrating probes

clearly indicate that extracellular electric currents are en-

dogenously associated with fibroblasts migrating into a

wound and that the sink for current was concentrated at

the leading front end of L cells in motion. Similarly,

steady inward currents were observed at the tips of

growth cones in retinal ganglion cells (Freeman et al,

1985). Steady currents were also observed around mov-

ing amoebas (Nuccitelli et al.. 1977), though the direc-

tion was opposite to those around migrating fibroblasts.

It is also noteworthy that embryonic quail fibroblasts re-

spond to exogenous electric currents by migrating to-

wards the cathodal end of the field (Erickson and Nucci-

telli, 1984).

A chemotactic factor for fibroblasts, Clq, induced bi-

phasic changes in the electric fields. This ligand induces

hyperpolarizing responses due to transient increases in

the Ca2+
-activated K 4

conductance in L cells (Oiki et al.,

1985b; Oiki and Okada, 1988). Since deprivation of ex-

tracellular Ca:+
or application ofa Ca2+ channel blocker,

nifedipine, inhibited these hyperpolarizing responses,

Ca2+
influxes are likely involved in the chemoattractant-

induced hyperpolarizing responses (Oiki et al., 1985b;

Oiki and Okada, 1988). Therefore, there is a possibility

that activation of currents through Ca
2+ channels and/or

Ca:+
-activated K +

channels is responsible for the Clq-

induced changes in the extracellular electric current

around migrating fibroblasts. More evidence is needed

to identify the ion channel species responsible for the

electric field associated with fibroblast migration and

chemotaxis.
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Ionic Control of Postsynaptic Differentiation in Muscle
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Abstract. The formation of acetylcholine receptor

(AChR) clusters in cultured Xenopus muscle cells can be

effected by polycation-coated latex beads. In a manner

resembling innervation, the beads induce AChR cluster-

ing discretely at the bead-muscle contacts. In this study,

we examined the role of intracellular Ca24 and pH on the

development of this postsynaptic-type specialization. A
transient increase in intracellular Ca2+ was immediately
elicited when the muscle cell was stimulated by the

beads. This Ca2+
transient is a necessary condition for

the activation of the clustering process. In addition, the

polycations on the beads caused a cytoplasmic alkalin-

ization which also appeared to be necessary for the

AChR clustering to take place. These studies indicate

that the signaling of postsynaptic differentiation at the

neuromuscular junction may be mediated by an ionic

mechanism.

Introduction

Synapses are the fundamental building blocks of the

neuronal machine. The neuromuscular junction (NMJ)
of vertebrate skeletal muscle is the best example ofchem-
ical synapse. Its presynaptic element is made up of a

nerve terminal specialized in the exocytosis ofacetylcho-
line. The postsynaptic element on muscle is composed
ofmembrane plaques containing acetylcholine receptors

(AChRs) at a high density and a highly specialized extra-

cellular matrix which anchors proteins, such as cholines-

terase, essential for synaptic transmission. The exact reg-

istration of the pre- and postsynaptic elements at the

neuromuscular junction ensures the speed and fidelity of

information transfer.

During development, processes of motoneurons grow

* Present address: Department of Pharmacology. INSERM U.7, 161

Rue de Sevres, 750 1 5 Pans. France.

toward muscle cells to establish the NMJ. In vitro, a

number of stimuli can mimic the yet unidentified endog-
enous signal in inducing postsynaptic differentiation.

These include chemical stimuli, such as conditioned me-

dia and extracts from neuronal tissues, and physical

stimuli, such as constant electric field and positively

charged beads (Peng, 1987; Bloch and Pumplin, 1988).

Among them, the positively charged beads represent the

only stimulus that can effect a local development of the

synaptic apparatus in the same manner as innervation.

When applied to cultured muscle cells, these beads in-

duce the formation ofAChR clusters and the accumula-

tion of acetylcholinesterase at the bead-muscle contacts

(Peng ci ul.. 1981; Peng and Cheng, 1982; Peng et al,

1988). When applied to neuronal cultures, they induce

the formation of presynaptic-type specializations along
the bead-neurite contacts (Peng et al., 1987). Thus, it is

of great interest to understand the nature of the signal

for synaptic differentiation conveyed by the beads to the

targets. In this communication we describe our work on

understanding the signal for postsynaptic development.

Materials and Methods

Cell culture and the induction ofAChR clustering by
beads

Myotomal muscle cells were isolated from Xenopus
laevis embryos according to published methods (Peng
and Nakajima, 1978). They were cultured on coverglass

in Steinberg's medium supplemented with 10% L-15

(Leibovitz) medium and 1% fetal bovine serum at room

temperature. To induce the formation ofAChR clusters,

1-10 //m polystyrene latex beads coated with polyorni-

thine or polylysine were added to the culture (Peng and

Cheng, 1982). Following an incubation period ranging
from 1 to 48 h, the culture was labeled with tetramethyl-

rhodamine-conjugated -bungarotoxin (R-BTX), fixed
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Figure 1. Changes in intracellular Ca:+ when muscle cells were

treated with latex beads. The beads were added at time 0. After the

establishment of the bead-muscle contact, the measurements were ear-

ned out at 10-s intervals fora duration of 3 min. Open and solid circles:

cells treated with polyornithine-coated beads; open triangles: cell

treated with uncoated beads; squares: cell treated with polyornithine-

coated beads in Ca:
*-free medium; solid triangles: cell treated with

polyornithine-coated beads in medium containing 50 n.\f verapamil.

with 95% ethanol at -20C, and mounted on a slide.

AChR clusters were examined by fluorescence micros-

copy and their relationship to the beads were assessed by

phase contrast. The efficacy of the beads in inducing the

formation of clusters was quantified by scoring the per-

centage of bead-muscle contacts that were positive in R-

BTX fluorescence.

Measurement ofintracellular calcium

Ratio imaging of fura-2-loaded cells was used to mea-

sure intracellular Ca:+
. This method and its application

to Xenopus muscle cultures have been described (Tsien

etai. 1 985; Zhu and Peng, 1988). Briefly, the culture was

loaded with fura-2 AM ( 10 nM) for 30 min in the dark

and then washed. Fluorescence images ofthe cells, which

were excited at 340 and 380 nm and detected at >520

nm. were digitally recorded with a light-sensitive video

camera interfaced with an image processing system. Af-

ter background subtraction and noise reduction through

thresholding, the ratio of 340 and 380 nm images was

calculated for each pixel. From the ratio image, the mean

gray level of the cell was calculated. It was calibrated with

respect to Ca2+
concentration according to the method

ofGrynkiewicz et al. (1985).

Measurement ofintracellularpH

Ratio imaging of carboxyfluorescein (BCECF (-loaded

cells was used to measure the intracellular pH (Paradise

et al.. 1987). The cells were loaded with the ester form of

the dye. Fluorescence images at excitation wavelengths

of 440 and 490 nm were obtained and their ratio was

calculated according to the method outlined above.

From the ratio image, the mean gray scale of the cell was

calculated. This gray scale was calibrated by equilibrat-

ing the intracellular pH with extracellular pH standards

after treating the culture with 10 \iM nigericin and 150

mA/KCl (Chaillet and Boron. 1985).

Results

Increase in intracellular calcium accompanying the

onset ofAChR clustering

We showed previously that deprivation of extracellu-

lar Ca2+
, either by Ca

2+
-free medium or by Ca

2+
antago-

nists, including divalent cations such as cobalt, nickel,

and manganese and organic compounds such as vera-

pamil and D-600, suppresses the bead-induced cluster-

ing of AChRs (Peng, 1984). This suggests that an influx

ofCa:+
is a necessary condition for AChR clustering. Re-

cently, we examined the change in intracellular Ca2+

when the muscle cells were stimulated by polycation-

coated beads (Zhu and Peng, 1988). As shown in Figure

1 , an increase in intracellular Ca2+ was seen immediately
after the bead-muscle contact. This increase, ranging

from 5-57% of the resting level, occurs throughout the

cytoplasm. It returns to the resting level with a time

course of about 3 min. Removal of extracellular Ca2+
or

addition of Ca:+
antagonist verapamil abolished this in-

crease. Uncoated beads, which do not induce AChR
clustering, also failed to cause this Ca2+

transient (Fig. 1 ).

Relationship ofintracellularpH andAChR clustering

Recently we found that the bead-induced AChR clus-

tering is sensitive to extracellular Na+
concentration.

When it was raised to 1 00 mM from our normal medium
concentration of 60 mM, the cluster formation was sup-

70-
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Figure 2. Effect of extracellular Na+ on the formation of AChR
clusters induced by polyornithine-coated beads.
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Figure 3. Changes of intracellular pH as a function of extracellular

Na+
concentration.

pressed (Fig. 2). Raising the extracellular tonicity of the

normal Na+ medium by sucrose to the same level of the

high Na+ medium did not suppress AChR clustering.

Thus, this effect could not be attributed to an increase in

osmotic pressure. This suppression due to high Na+

could be reversed by 1 mM amilonde, which inhibits the

Na+-H +
exchange in the plasma membrane (Aronson,

1985). Furthermore, application of 10-20 mA/NH4Cl, a

weak base which causes rapid elevation of cytoplasmic

pH, suppressed the bead-induced formation of AChR
clusters. These results suggest that the intracellular pH
may be involved in the regulation of bead-induced clus-

ter formation. This was tested by intracellular pH mea-

surements. When the extracellular Na:+ was elevated

from 60 mM to 100 mM there was a cytoplasmic alka-

linization of 0.9 pH units over a 45 min period; this

could be suppressed by 1 mM amiloride (Fig. 3). Bath

application of polycations, such as polylysine or polyor-

nithine, also effected a large alkalinization of the cyto-

plasm (Fig. 4).

Discussion

These studies show that an increase in intracellular

Ca2+
is a necessary condition for the induction ofAChR

clustering induced by polycation-coated beads. Depriva-

tion of extracellular Ca2+
also inhibits the formation of

AChR clusters induced by nerve (Henderson et ai.

1984), by molecules extracted from the basement mem-

brane of nicotinic synapses (Wallace, 1988), or by con-

stant electric field (Stollberg and Fraser. 1988). Thus, all

these stimuli may cause an opening of the Ca:+ channels

in the plasma membrane. The calcium influx resulting

from this action may trigger the process ofAChR cluster-

ing. Our previous studies have also shown that calmodu-

lin may mediate the bead-induced process in Xenopus

muscle cells (Peng, 1984). Recent evidence shows that

the basement extract-induced AChR clustering in chick

myotubes may be mediated by protein kinase C (Wal-

lace, 1988). Thus, a protein kinase system may be one of

the targets of this Ca:+
signal.

Although we do not yet know the molecular mecha-

nism of postsynaptic activation, it is conceivable that the

highly positively charged surface of the beads may cause

a local perturbation of the electric field across the lipid

bilayer and thus affect voltage-dependent ion channels.

Recent works show that the amino acid sequence of volt-

age-dependent sodium, calcium, and potassium chan-

nels all contain the "S4" domain, which is highly en-

riched in positively charged amino acid residues: every

third amino acid in this domain is an arginine or a lysine

residue (Catterall, 1986). One theory postulates that this

domain of the channel is transmembrane and serves as

the voltage sensor responsible for channel gating (Catter-

all, 1986). We postulate that, in addition to voltage, it

may also be sensitive to perturbation by the positively

charged surface of the beads. The high efficacy of the

polycation-coated beads in activating the postsynaptic

development suggests that molecules with such attri-

butes may be involved in postsynaptic induction in vivo.

In addition to Ca2+
, our studies show that an increase

in cytoplasmic pH is also a necessary step in the activa-

tion of AChR clustering induced by polycation-coated

beads. Global cytoplasmic alkalinization prior to bead

application, either by an increase in Na+
influx or by

weak bases, overwhelms the local stimulatory effect of

the beads and results in refractoriness of AChR cluster-

ing. In contrast to the Ca:+
transient, the increase in pH

takes much longer to develop and is long lasting. Thus, it

may not be involved in the triggering of the postsynaptic

development. Alkalinization of the cytoplasm also ac-

companies the fertilization of animal eggs (Johnson and

Epel, 1981; Webb and Nuccitelli, 1981) and the activa-

15 20 25

Time (min)

Figure 4. Effect of polyornithine on intracellular pH. 12 Mg

polyornithine was added to the bath at time and the intracellular pH
was monitored at 5 min intervals.
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tion of fibroblasts by growth factors (Moolenaar ct <//..

1983). Such cytoplasmic alkalinization may lead to an

increase in protein or DNA synthesis and a reorganiza-

tion of the cytoskeleton (Busa, 1986).

Although we have not detected a local change in either

Ca:+
or pH at sites ofbead-muscle contacts, the fact that

AChR clustering occurs discretely at these sites suggests

the existence of a local signaling process. Local ion fluxes

elicited by the bead or by the nerve can conceivably acti-

vate second messenger systems which not only can lead

to postsynaptic development at the site of stimulation

but also can influence a global change throughout the

muscle cell to effect a series of innervation-related

changes, such as elimination of extrasynaptic AChR
clusters (Moody-Corbett and Cohen, 1982; Kuromi and

Kidokoro, 1984; Peng, 1986) and myofibril differentia-

tion (Kidokoro and Saito, 1988).
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Extracellular Calcium Levels Strongly Influence Neural

Crest Cell Galvanotaxis
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Abstract. We have been studying the response of neu-

ral crest cells from 56-h-old quail embryos to small, im-

posed d.c. electrical fields. These cells exhibit directed

translocation or galvanotaxis towards the negative pole

of fields as low as 7 mV/mm. With an average cell length

of 60 Mm, these cells respond to fields as low as 0.4 mV
along their length. A significant change in the average

cosine of the cellular translocation distribution can be

detected as early as 7 min after field application for all

field strengths greater than 10 mV/mm. Extracellular

Ca2+
is not required for the motility of these cells as long

as extracellular Mg
2+

is increased to 10 mA/. However,

the galvanotaxis response does appear to require Ca
2+

in-

flux since it is completely blocked by the addition of ei-

ther 10roA/Mg
2+

or ^. Moreover, the galva-

notaxis response is partially reversed by the complete re-

moval of extracellular Ca2+
.

Introduction

The directed translocation of cells by an electrical field

has been termed "galvanotaxis." During the past six

years there has been a surge of activity in this area of

research because embryonic neural crest cells from avi-

ans and amphibians (Nuccitelli and Erickson, 1983;

Stump and Robinson, 1983; Cooper and Keller, 1984),

fibroblasts from aves and mammals (Erickson and Nuc-

citelli, 1984, 1986; Yang etal., 1984), and epithelial cells

from amphibians and fish (Luther ct at., 1983; Cooper
and Schliwa 1985, 1986a, b) all exhibited this behavior.

All of these cells respond to rather small, physiological

d.c. electric fields by exhibiting enhanced migratory ac-

tivity toward the negative pole of the electric field. Two
other responses are perpendicular alignment and elonga-

tion, but both of these generally require higher field

strengths of at least 150 and 400 mV/mm, respectively.

It is interesting that the perpendicular alignment re-

sponse has been found in all cell types investigated, even

when the directed migration is absent. It appears to be

due to the selected retraction of lamellipodia facing the

positive pole and begins within a few minutes of field

application (Erickson and Nuccitelli, 1984).

In the present study we concentrated on the transloca-

tion response of neural crest cells from the quail embryo
and found their response to be more consistent than that

of somitic fibroblasts from the same embryo (Gruler and

Nuccitelli, 1986). We determined that the galvanotactic

response can be completely suppressed by Ca
2+ channel

blockers and is reversed in the absence of extracellu-

lar Ca2+
.

Materials and Methods

Eggs from a colony of Japanese quail (Coturnix cotur-

nixjaponica) were incubated in a humidified incubator

at 37C for 56 h. Procedures for dissecting and culturing

neural tubes were similar to those described previously

(Loring et <//., 1981). Briefly, embryos were removed

from the eggs, rinsed in Locke's saline solution, and

transferred to dishes containing 2% agar in Locke's sa-

line. A portion of the posterior embryonic trunk consist-

ing of the most posterior 10-12 somites was dissected out

using sharpened tungsten needles. These trunk segments
were rinsed in Hank's balanced salt solution (HBSS,
Gibco) buffered with 10 mKf N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (Hepes, Gibco) (pH 7.3).

The HBSS was removed and 2 ml warm (37C) pancre-

atin (Gibco) was added. Tubes were gently agitated with

a pipet to loosen tissue adhesions. As soon as the somites

began to separate from the neural tubes, the tissue was

transferred to fresh HBSS. This process routinely oc-

curred in less than two minutes. The somites, surface ec-

toderm, notochord, and adjacent mesenchyme were dis-

sected from the tubes with sharpened tungsten needles.
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Two to four neural tubes free of adherent tissue were

placed on a 25 X 6 mm sterile glass coverslip in a 35

mm plastic petri dish containing approximately 1 .5 ml of

culture medium (see below) and incubated at 37C in a

humidified atmosphere of 10% CO2 in air for 16 or 18

hours. During this time, the neural crest cells emigrated

from the neural tube onto the coverslips to form out-

growths. Neural tubes were removed from the coverslips

just prior to experimentation, leaving isolated out-

growths.

Culture media

Modified F12 (Gibco) was supplemented with 10% by
volume of fetal calf serum (FCS:Gibco), 3.5% of 14-day

chick embryo extract (50% in HBSS). 1 ml of penicillin-

streptomycin (Gibco: 5000 IU penicillin, 5 mg strepto-

mycin sulfate/ml), 1 ml of 200 mM L-glutamine (Gibco:

rehydrated with sterile glass distilled water). The volume

of the last two ingredients specified is for a 100-ml ali-

quot of modified F12.

When the cells were placed in the chambers, the cul-

ture medium was replaced with F12, to which had been

added only 1% penicillin-streptomycin, and 10 mAf

Hepes buffer to minimize the possible effects of serum

protein gradients generated by electrophoresis.

Galvanotactic chambers

Chambers employed for imposing an electric field

were identical to those described previously (Erickson

and Nuccitelli, 1984, fig. 1 ). The average height ofcham-

bers varied between 1 20- 1 50 ^m. Chambers were sealed

with tape and silicone high vacuum grease. Experimental

medium was added initially to only one well ofthe cham-

ber. Fluid was added to the remaining well only after flow

into that well had occurred indicating a clear path for

fluid flow over the cells. The voltage across each chamber

was measured at 30-min intervals by inserting Ag-AgCl
electrodes into the wells on either end, and the current

passing over the cells was monitored continuously with

an ammeter. Ten-cm-long agar bridges separated the

electrodes supplying the current from the wells of the

chamber.

Filming procedure

Cells were observed with phase contrast optics on an

inverted microscope at 250X and their movements were

recorded using a video camera and time-lapse recorder.

Fields of cells to be studied were chosen from those re-

gions in which the cells were well dispersed to reduce the

influence of contact inhibition. Cells that were clustered

in each field were not used for subsequent analysis. Ex-

periments were usually conducted for two hours in the

electric field. Total cell displacement was measured from

the position each cell was in at the beginning ofthe obser-

vation period to its location at the end of two hours. A
digitizing pad (Houston Instruments) and an IBM PC
XT were used to analyze the cell displacement using

plastic transparencies onto which the beginning and end

points of the cell displacements were copied from the

video screen. To quantitate the directionality ofthe aver-

age cellular translocation, the angle that each cell moved
with respect to the imposed electric field direction was

used. Specifically, the cosine of this angle would be equal

to one if the cell moved right along the field toward the

negative pole, zero ifthe cell moved perpendicular to the

field direction, and minus one if the cell moved directly

toward the positive pole of the field. By taking the aver-

age of all the cosines, one can quantitate the average di-

rectionality ofmovement. Ifas many cells moved toward

the positive pole as toward the negative pole, the average

cosine would be zero. This average was calculated for

each distribution from the equation, 2, cos 0,/N, where

is the angle between the field axis and the cellular translo-

cation direction and N is the total number of cells. Dis-

crepancies in the average cosine determined from the

time course analysis when compared to the 120-minute

analysis are a result of some cells entering or leaving the

field during the experiment. To eliminate these cells

from the total time analysis would have caused a bias

against the most responsive cells, so the final point of ob-

servation was taken as the point where they left the

screen. In the time course analysis, once a cell had left

the video screen it could no longer be included in the

average cosine.

Results

Embryonic neural crest cells from two-day-old quail

embryos are extremely sensitive to imposed d.c. electric

fields. These cells migrate towards the negative pole of

such a field (Fig. 1 ) and non-random migration can be

detected for fields as low as 5 to 7 mV/mm. Since the

average length of these cells is 60 20 ^m (SD, n = 60),

they are responding to fields as low as 0.4 mV along the

length of the cell or 0.2 mV across the membranes facing

either pole of the field.

The time course of this response was studied by ana-

lyzing the time-lapse video tapes of the cellular response

at various intervals after field application. A significant

change in the average cosine of the cellular distribution

could be detected as early as 7 min after field application

for fields greater than 10mV/mm(Fig. 2). Field strengths

of 7 and 10 mV/mm required 60 and 30 min, respec-

tively, to generate a significant asymmetry in the translo-

cation response. Thus, the cellular response is quite rapid

and exhibits a very steep dependence on field strength
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Figure 1. The translocation response of 56-h-old neural crest cells during a 2-h period in the indicated

electric field strength. After tracing from a video screen the position of each cell before and after 2 hours in

the field, the initial point was placed at the origin and the final location plotted as a single point on the

circular graph. The radius of each circle represents 1 mm of translocation distance and the average cell

length is 60 ^m. The applied field strength, average cosine of the distribution plus or minus the standard

error of the mean, and the number of cells plotted are indicated to the upper right of each distribution. A.

400 mV/mm. B. 10 mV/mm. C. 100 mV/mm. D. mV/mm.

with the shoulder of the response between 10 and 50

mV/mm.
It has been reported that fish epidermal cells depend

on Ca:+
influx to generate polarity of movement during

galvanotaxis (Cooper and Schliwa, 1986b). Our investi-

gations indicate that the same is true for avian neural

crest cells. One cannot simply place these cells in a solu-

tion of F12 medium in which all of the Ca:4 has been
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Figure 2. The time course of the galvanotactic response. The aver-

age cosine of the translocation distribution was measured at various

times after field application for the four field strengths indicated. The

rate ofapproach to the final average cosine is much steeper at the higher

field strengths than at the lower ones.

removed by the addition of the Ca2+
chelator, EGTA,

because the cells promptly round up and stop moving.

However, this is not due to the absolute requirement of

Ca2+
for cell motility because the addition of Mg

2+
(in-

creasing from 0.6 to 10 mA/) prevents the rounding up

in the absence of Ca2+ and the cells move quite well.

Therefore, we studied the galvanotaxis response under

these conditions. When the Mg
2+

is raised to 10 mM
without changing the external Ca2+

level, the galvano-

taxis response is no longer observed and the degree of

translocation is reduced (Fig. 3B). This blockage of the

galvanotaxis response by Mg2+ was a surprise because

Mg
:+

is not a very efficient Ca2+ channel blocker. How-

ever, at these high levels where its concentration is 30-

fold higher than that of Ca2+
, it might be blocking calci-

um's access to channels. In support of this interpretation,

an identical result was obtained when only 100 nAI of

the much more specific Ca
2+ channel blocker, Gd3+

, was

added (Fig. 3C). Again the galvanotaxis response is

blocked and the net translocation ofmost cells is reduced

compared to controls.

The response to the removal of external Ca2+
in the

high Mg
2 * medium (Fig. 3D) is perhaps the most surpris-

ing result. Under these conditions, most cells move in

the reverse direction toward the positive pole of the ap-

plied field. This reversal ofdirection ofmigration is remi-

niscent of the observation by Cooper and Schliwa

( 1 986b) who found a reversed response when extracellu-

lar Co2+ was used to block Ca2+ and the Ca2+
ionophore,

A23 187, was added.

Discussion

Embryonic quail neural crest cells appear to be an

ideal cell type for the study of galvanotaxis. These cells

are exquisitely sensitive to d.c. electric fields, responding

to fields as small as 0.4 mV per cell length. This response

is found in all cell cultures without the variability in re-

sponse found with quail somitic fibroblasts (Gruler and

Nuccitelli, 1986). This observed sensitivity to such low

field strengths suggests that these cells may use informa-

tion from endogenous electric fields within the embryo

as one of the guiding factors in their migration. These

cells normally migrate towards the negative pole of the

imposed field. Here we report a Ca2+
-dependence for this

directed migration.

External calcium is not requiredfor neural crest cell

motility

A requirement for extracellular Ca2+
for the move-

ment of fibroblasts and epithelial cells has been docu-

mented (Gail et al.. 1973; Moore and Pastan, 1979;

Strohmeier and Berieter-Hahn, 1984; Mittal and Bereit-

er-Hahn, 1985). The addition of up to 3 rruW external

Mg2+ was not found to substitute for calcium in the

maintenance of motility in the three types of mamma-
lian fibroblasts or in chick embryo fibroblasts used in

those studies. However, we find that the addition of 10

mAI external Mg2+
to our neural crest cells allows them

to translocate quite normally in Ca2+
-free medium. This

is very useful because it allows us to more thoroughly

study the role ofCa2+
in the galvanotaxis response.

Calcium dependence ofgalvanotaxis

The mechanism of neural crest galvanotaxis appears

to be quite sensitive to Ca2+ movements across the

plasma membrane. Thus, if the external [Ca
2+

]
is left un-

modified, and other ions that are known to compete with
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Figure 3. The translocation response of 2-day-old neural crest cells during a 2-h period in an imposed

d.c. field of 400 mV/mm. The scale marks on the axes represent 200 ^m and the average cell
length^is

60

Mm. A. Control in normal F12 medium. B. F12 was supplemented with 10 mM Mg
2+

in normal Ca2+
. C.

F12 was supplemented with 100 nM gadolinium. Gadolinium is a potent Ca:+ channel Mocker. D. F12

was supplemented with 10 mAI Mg:+ and extracellular free Ca:+ was removed (3 rruV/ EGTA added).

Ca:+
for entry or to block its entry are added, the directed

translocation can be completely blocked while the aver-

age cell motility is only partially reduced. Interestingly,

the complete removal ofCa:+ from the external medium

does not simply block galvanotaxis, but reverses the di-

rection of translocation toward the positive pole. Since

this response clearly cannot involve Ca:+
influx, it sug-

gests that other factors must be involved. What factors

would be influenced by removing external Ca2+
? In most

cells with large surface-to-volume ratios, removing exter-

nal Ca2+
rapidly reduces intracellular Ca:+

. Indeed, we

have preliminary results using the fluorescent probe,

fura-2. that this is the case in neural crest cells as well.

Thus, the response mechanism might be sensitive to in-

tracellular Ca2+
levels. One hypothesis is that gradients

in the concentration of intracellular Ca:+
are involved in

the signal transduction process. Perhaps the electric field

somehow increases the permeability ofthe plasma mem-
brane to Ca:+

at the cathode-facing side of the cell, in-

creasing the [Ca
:+

] below the membrane in that region
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and biasing cell movement in that direction. When the

cell finds itself in Ca:+
-free medium, the same permeabil-

ity gradient would allow Ca2+
to leak out of the cell more

rapidly at the cathode-facing side of the cell and this

would lead to a reversed intracellular concentration gra-

dient ofCa:+
. This could lead to the observed reversal in

the galvanotaxis response under these conditions.
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On the Mechanism of Nerve Galvanotropism

COLIN D. McCAIG

Department ofPhysiology, Marischal College, University ofAberdeen, Aberdeen AB9 IAS. Scotland

Abstract. The mechanism whereby nerves turn to-

wards the cathode in a small applied electric field has

been investigated. The distribution of filopodia on the

growth cone is suggestive of a pivotal role in orientation.

However, nerves denuded of all filopodia by treatment

with cytochalasin D continued to grow and to turn to-

wards the cathode. Nerves treated with neuraminidase

showed robust galvanotropic responses, which may call

into question the role of cell surface receptor redistribu-

tion in orientation. The calcium channel blocker cobalt

inhibited orientation, while simultaneous treatment of

nerves with cobalt and the calcium ionophore A23187

resulted in nerves turning towards the anode; a reversal

of galvanotropism. Localized entry ofcalcium, predomi-

nantly on one side of the growth cone, may underlie gal-

vanotropism.

Introduction

It is well established that developing and regenerating

nerves show remarkable orientation responses to a small

applied electric field (McCaig, 1988). However, the un-

derlying mechanisms remain unclear. Two observations

are pertinent. First, more filopodia are found on the cath-

odal-facing side of growth cones, a response which pre-

cedes and predicts turning behavior (McCaig, 1986). By

determining the distribution of tension at the growth

cone, filopodia generally are regarded as essential sensors

and transducers of anisotropic environmental condi-

tions. Second, pretreatment of Xenopus neurites with

concanavalin A (con A) blocks subsequent galvanotro-

pism (Patel and Poo, 1982). In addition there is growing
interest in calcium's role in determining growth cone

motility and nerve orientation (Cohan el a/.. 1987). Re-

cent experiments provide new insight into the mecha-

nisms controlling the turning behavior of nerves devel-

oping in an applied electric field.

Materials and Methods

Cultures of dissociated neural tubes from Stage 20

Xenopus laevis were prepared as described previously

(Hinkle et a/.. 1981; McCaig, 1987). Neurones were

seeded into chambers of defined geometry, precon-

structed on the base of plastic tissue culture dishes. Neu-

rones began to extend processes within about 4 h. In gen-

eral, aspects of control growth were assessed before the

normal culture medium was replaced with one contain-

ing a test solution. At this stage the electric field was ap-

plied and repeated photographs taken of pre-selected

cells in the continuous presence of drug plus electric

field. Nerves selected for study initially projected at an-

gles < 30 to the "perpendicular" (i.e. perpendicular to

the long axis of the chamber and hence the vector of the

applied field). This allowed maximum scope for orienta-

tion in the field. The culture chambers were connected

to the constant power supply by long agar-salt bridges,

thus isolating the cells from potential electrode products.

The applied field strength was measured directly with a

voltmeter.

The angles of growth of neurites were measured from

prints magnified 400x. A line was projected through the

center of the growth cone to meet a line drawn perpen-

dicular to the lines offeree of the electric field. Neurites

projecting perpendicular to the field had a value of 0,

those projecting directly towards anode or cathode, 90

respectively. When nerves showed a sustained deviation

of growth of > 10 this was taken as an orientation re-

sponse. Neurite length was the distance between the

phase bright soma and the center of the phase dark

growth cone. It did not include the length of filopodia.

The distribution of filopodia was counted on each print

viewed under a dissecting microscope. This was done

only on neurites that projected roughly perpendicularly

(30) as the field was applied and were therefore most

likely to undergo orientation.
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Table 1

The effects ofvarious treatments on the rates ofgrowth (fiin/h), orientation response and distribution offilopodia on nerves exposed

to a small electricfield (70-1 10 in I '/mm)

Orientation Filopodial distribution

Rate of growth (^m/h)
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Figure 2. (a) Control nerve. Scale bar = 25 urn. (b) Same nerve after

84 min exposure to Co*
4

(5 mAf), A231 87(10 jiM) and HOmV/mm.
Nerve has oriented towards the anode at right, (c) Fluorescence micro-

graph of neuronal cell body after 1 h exposure to Co++
(5 mAO, A23 1 87

(15 MA/), and 100 mV/mm and fixed in culture medium + 4% formal-

dehyde. Under UV excitation A23I87 is fluorescent and is localized

predominantly on the anodal-facing side of cells (right). Cells fixed but

not exposed to A23 1 87 showed no autofluorescence.

present throughout the ensuing 16 h. Interestingly, the

rate of nerve growth almost doubled during the first 2 h

in the field, and 88% of nerves turned towards the cath-

ode (35/40; Table 1 ). Therefore, procedures that may re-

verse the field-induced asymmetry ofthe con A receptors

did not influence galvanotropism.

A rolefor Ca
++

in galvanotropism'.'

Elongating neurites were exposed to the calcium chan-

nel blocker Co++
(5 roA/) and simultaneously to an ap-

plied electric field. Co+ +
significantly slowed nerve ad-

vance, although slow rates of growth were maintained

over a 12-h period. Around 80% of processes showed no

orientation to the electric field (23/29).

An intriguing method for reversing the galvanotaxis

offish keratocytes similarly points to a role for calcium

(Cooper and Schliwa, 1 986) and has been applied to Xen-

opus neurites. Orientation was inhibited in the presence

of Co++
. The calcium ionophore A23187 did not affect

orientation; 11/12 nerves turned towards the cathode.

When these procedures were combined (i.e., 5 mMCo++

plus 15 nM A23187 plus 100 mV/mm), 62% of nerves

showed reversed galvanotropism and turned towards the

anode (13/21). Examination of neuronal somata under

UV excitation revealed that fluorescence from the iono-

phore was predominant in the anodal-facing half of cells

(Fig. 2; Table I).

Discussion

Nerves orient to a variety of environmental cues,

largely by unknown mechanisms. Both a gradient of

nerve growth factor and a small applied electric field in-

duce filopodial asymmetry which precedes and predicts

orientation (Gundersen and Barrett, 1980; McCaig,

1 986). It has been assumed that contractile events within

filopodia bias the net vector of tension exerted at the

growth cone and in this way influence turning. However,

pharmacological treatment of nerves with CD removes

filopodia. and yet blunt-ended neurites continue to ori-

ent towards the cathode. Clearly, filopodia must be per-

missive and not instructive. This conclusion is borne out

by the observations that filopodia were predominant

cathodally on Co ++
-treated growth cones that did not

orient, were distributed symmetrically on cells that ori-

ented towards the cathode (A23187), and were present

predominantly on the cathodal side ofgrowth cones that

oriented towards the anode (Table I).

If filopodia are not essential to galvanotropism, what

of other mechanisms? Since the observation that con A
pretreatment blocks both redistribution of IMPS and

nerve orientation, it has been assumed that the distribu-

tion of cell surface receptors in some way regulates orien-

tation. This may not be true. Neuraminidase treatment

might be expected to cause con A receptors to accumu-

late on the anodal side of the growth cone, given its effect

on myoblasts (McLaughlin and Poo, 1981). If this oc-

curred, it certainly did not prevent nerves from showing

the normal cathodal galvanotropic response. In a parallel

study, we have been examining the distribution of organ-

elles within myoblasts exposed to similar electric fields

(McCaig and Dover, 1988). We have found that it is by

no means only the cell surface constituents that translo-

cate. Mitochondria, microfilaments, ribosomes, and

yolk granules all assume asymmetric distributions in

cells exposed to electric fields. An ultrastructural study

of nerves in an applied electric field is underway and may
elucidate further the control mechanisms in orientation.

Calcium is known to control aspects of growth cone

motility (Cohan et at., 1987), and localized currents car-

ried by calcium have been recorded from the filopodia of

advancing retinal neurites (Freeman et til., 1985). The

present results show that calcium entry through voltage-

sensitive channels may be involved in turning behavior,

since neurites continued to grow slowly in the presence

ofCo + +
, but did not orient. This is in apparent contradic-

tion to previous work showing galvanotropism occurring

in calcium-free media (Robinson and Muncy, 1986).

Further support for Ca++
involvement in orientation

comes from experiments in which reversed galvanotro-

pism was induced by a procedure likely to increase Ca++

entry anodally. Co 4+
-blocked neurites treated with

A23187, which may accumulate on the anodal sides of

cells, turned towards the anode.

There are two ways by which cells exposed to electric

fields could use external calcium asymmetrically to pro-

duce the normal response of cathodal orientation. The

first involves translocation ofcalcium channels predomi-



MECHANISM OF NERVE GALVANOTROPISM 139

nantly to the cathodal side of the neurite, although a

question about the role ofthe cell surface has been raised.

The second could involve local depolarization and an in-

crease in calcium channel conductance predominantly

on the cathoda! side. There is no direct evidence for ei-

ther proposal.

In conclusion, nerve galvanotropism does not require

filopodia. may not require redistribution of IMPS, and

may depend on an asymmetric entry of calcium at the

growing tip.
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Abstract. We are investigating the mechanism of per-

pendicular differentiation of myoblasts in an applied

electric field. Electric fields have latent effects in this re-

gard. Perpendicular alignment can occur at least an hour

after the field has been switched off. Polarization of the

axis of development was a Ca++-dependent process, be-

ing blocked by Co + + and mimicked by a unilateral

source of the calcium channel agonist Bay K8644. Sur-

prisingly, several types of organelles became distributed

asymmetrically within the cytoplasm oforiented and ori-

enting cells. Whether these asymmetries underpin orien-

tation, together with the explanation for organelle asym-

metry, are unclear.

Introduction

The myoblasts that form the somites ofXenopus laevis

elongate from spherical cells into cigar-shaped, bipolar

cells both in vivo and //; vitro. In vivo, elongation occurs

in the presence of skin and probably neural tube-driven

currents; somitic myoblasts develop perpendicular to the

resulting endogenous electric fields (Robinson and

Stump, 1984). In culture, Xenopus myoblasts also elon-

gate perpendicular to a small applied electric field (Hin-

kle el ai. 1981). The mechanism is unknown. Since this

original observation, a variety of cell types has been

shown to assume perpendicular orientation in an applied

field. In many cases these cells then showed migratory

galvanotactic behavior (Erickson and Nuccitelli, 1984;

Stump and Robinson, 1 983; Cooper and Schliwa, 1986).

By contrast, it is only the forming axis of elongation that

is influenced in Xenopus myoblasts; once elongation has

occurred, cells remain with a fixed position and orienta-

tion. One proposed explanation for the perpendicular

alignment of epithelial cells suggests that cells assume

this orientation to minimize membrane potential pertur-

bations that occur across the anodal and cathodal facing

membranes (hyperpolarization and depolarization re-

spectively. Cooper and Keller, 1984).

We report results that make this an unlikely explana-

tion for myoblast orientation. We also show that the in-

tracellular distribution of organelles in field-exposed

myoblasts is asymmetric. Both perpendicular orienta-

tion and organelle asymmetry may be calcium-depen-

dent phenomena. We suspect that an asymmetric distri-

bution of organelles in some way underlies perpendicu-

lar orientation.

Materials and Methods

The somites of stage 1 9/20 Xenopus were dissected out

and disaggregated in divalent ion-free media. Dissoci-

ated myoblasts were dispersed into preconstructed

chambers formed by gluing strips of cover glass onto the

base of a plastic tissue culture dish, as described pre-

viously (Hinkle et a/., 1981). Once a roof of cover glass

was applied, chambers measured 60 X 10 X 0.5 mm.
Cells were grown in a standard culture medium prepared

with 20% Liebowitz LI 5 medium (Hinkle et ai, 1981).

Electric fields were applied using 15-cm long Agar-salt

bridges. In all experiments myoblasts orientation was as-

sessed relative to the long axis of the chambers and hence

to the lines of electrical force. Cells were measured as ei-

ther forming an angle > or <45 to the horizontal (long

axis). An index of orientation was calculated by dividing

the difference between these values by their sum. If all

cells were perpendicular to the field this ratio would be

one. If as many cells were perpendicular as were parallel,

the ratio would be zero. Orientation ratios of 0.2-0.25

(or higher) are usually derived from data that give clear

statistical differences if paired /-tests are applied to the

raw data. Values of this sort are taken to represent sig-

nificant levels of orientation.

Rhodamine phalloidin was used as a fluoresent stain

140
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Table I

Degree of orientalion ofmyoblasts elongating

during various treatments



142 C. D. McCAIG AND P. J. DOVER

Figure 2. (a-c) Rhodamine phalloidin labelling of F-actin. (a)

Spherical myoball after 6 h at 105 mV/mm. (b) Perpendicularly ori-

ented myoblast after 4.5 h at 150 mV/mm. (c) Elongating myoblast

after 30 min at 200 mV/mm. In all cases, F-actin labelling is predomi-

nant on the anodal-facmg side of cells (right), (d-f) Rhodamine 123

labelling of live cells to locate mitochondria, (d) Spherical myoball after

5 h at 1 10 mV/mm. (e) Perpendicularly oriented myoblast after 5 h at

1 10 mV/mm. (0 Spherical myoball after 50 min at 200 mV/mm. In all

cases, fluorescence associated with mitochondria is predominant on the

anodal-facing side of cells. Scale bar -25 ^m throughout.

roofhad been applied. This shows that myoblast orienta-

tion could occur in cultures that had only been exposed

to an electric field for 5-10 min, fully 1 h before most

cells had begun to elongate.

The effects ofexposure to an electricfield during peri-

ods of suppressed elongation. Microfilament disruption

with cytochalasin D (CD) had variable effects on cell ori-

entation in an electric field. At 0. 1-0.2 mg/ml perpendic-

ular orientation was unaffected; at 0.5 ng/m\ it was inhib-

ited, although interestingly elongation still occurred.

One ng/m\ completely suppressed all elongation with

cells remaining spherical for at least 24 h.

Cells were exposed simultaneously to 1 /ug/ml CD, to

prevent elongation and to an applied electric field (~ 100

mV/mm) for 4 h. The field was switched off and CD
washed out and replaced by normal culture medium.

The first cells began to elongate about an hour later and

more did so over the ensuing 24 h or so. Such cultures

showed considerable degrees of orientation, not disimi-

lar to the value found in an electric field alone (Table I.

Fig. la).

Perpendicular alignment is a calcium-dependent

phenomenon and may involve asymmetric distribution

ofintracellular organelles

When developing myoblasts were exposed to an elec-

tric field in the presence of 5 mAf cobalt chloride, no ori-

entation occurred; roughly equal numbers of cells elon-

gated perpendicular and parallel to the field (Table I, Fig.

Ic). Cells were stained with tluorochromes to determine

the distribution of microfilaments and mitochondria.

Rhodamine phalloidin specifically stains for F-actin.

This was distributed symmetrically in control cells but

was present predominantly on the anodal side of cells

exposed to an applied electric field for 18 h, 5 h, or even

1 h (Fig. 2a, b, c). Similarly Rhodamine 123, which is a

specific probe for mitochondria, revealed anodal accu-

mulations of mitochondria after a 1 h exposure to an

electric field (Fig. 2d, e, 0. Preliminary electron micros-

copy has extended these observations to relative accu-

mulations of ribosomes beneath the anodal-facing cell

membrane (not shown). The field-induced anodal accu-

mulation of F-actin microfilaments was inhibited in cul-

tures exposed to cobalt (Fig. 3a); these cultures showed

no orientation. Therefore, both field-induced orienta-

tion and organelle asymmetry may depend on asymmet-
ric calcium entry, predominantly on the depolarized

cathodal-facing side of myoblasts.

We have tested this hypothesis by exposing differenti-

ating myoblasls to a unilateral source of the calcium

channel agonist Bay K8644 (Bayer). With this present

at a concentration of 2.8 X 10~ 5 Min a 1.3% agar slab,

myoblasts developed predominantly perpendicular to

the lines of diffusion of Bay K8644 from the agar (Table

I, Fig. 3b). In addition, preliminary electron microscopy

revealed that microfilaments and mitochondria were

also distributed asymmetrically in these cells. After 1 8 h.
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Figure 3. (a) Rhodamine phalloidin staining of myoblasts after 5 h at 100 mV/mm + 5 roA//l Co+
*.

F-actin staining appears uniform, (b) Myoblasts exposed to a unilateral agar source of the calcium channel

agonist Bayer K.8644 (2.8 x 1CT
5
A//1: at left) elongate perpendicular to the lines of diffusion from the agar

slab. Scale bar = 50 ^m.

accumulations of both were present on the side of cells

furthest away from the agar source ofCa++ channel ago-

nist.

Discussion

Several cell types assume a perpendicular orientation

in an applied electric field (Robinson, 1985. for review).

A unifying mechanistic proposal suggests that cells be-

have in this way to limit the membrane potential pertur-

bations experienced at anodal and cathodal-facing mem-
branes (Cooper and Keller. 1984). Such behavior is con-

ceivable for cells that alter an already differentiated shape

in response to field application. However, it cannot ex-

plain the directed differentiation of Xenopus myoblasts.

These cells oriented perpendicularly when no electric

field was present, provided they had been exposed pre-

viously to an applied field.

In general there are three ways in which an electric

field may influence cell functioning. By altering the

membrane potential, various voltage-sensitive ion con-

ductances may be altered. For instance, cathodal-facing

membranes will be depolarized and this may increase

calcium entry on that side while reducing calcium con-

ductance on the hyperpolarized, anodal side of the cell.

External voltage drops can redistribute membrane pro-

teins involved in transmembrane ion conductance re-

sulting again in internal ionic asymmetries. The third

possibility is that a small proportion of the external volt-

age drop ( 10~
5- 10~

3

depending on membrane resistance)

exists as a potential drop within the cell. For applied field

strengths in the physiological range, this value would

usually only be of the order of microvolts and would not

be expected to cause redistribution of charged cellular

components (see Jaffe, 1969, 1979. for discussion of ex-

ceptional circumstances). We report that organelle redis-

tribution does occur.

We have shown that galvanic orientation in myoblasts

is a calcium-dependent process. Calcium may enter these

differentiating cells predominantly on the cathodal side,

either because of voltage sensitive conductance changes,

or a cathodal accumulation ofcalcium channels, or both.

This could create an intracellular gradient of calcium

that asymmetrically activated selected cell functions. In

support of this view, we have demonstrated that other

experimental situations designed to unilaterally raise in-

tracellular calcium also caused perpendicular alignment.

In addition, we have evidence that several intracellular

components redistribute, both in the presence of a small

electric field and when asymmetric calcium entry may
be imposed on elongating myoblasts (Bay K8644 experi-

ments). Although this work is preliminary, mitochon-

dria, actin microfilaments, and ribosomes all appeared

concentrated on the side of cells opposite the expected

sites of increased calcium entry. That is, opposite the

cathodal-facing membrane and further away from the

agar source ofcalcium agonist. There is good experimen-

tal evidence for the translocation of charged integral

membrane components (IMPS) in applied electric fields

(Poo, 1981). Similar movements of charged intracellular

components have been thought likely only between spe-

cialized cells, e.g.. insect ovarian follicles (Woodruff and

Telfer, 1 980). Unless the surface movements ofIMPS are

causal in the cellular redistributions of organelles, these

results are difficult to explain as the effects of transcy-

toplasmic Donnan-type potentials. Such potentials

could arise following asymmetric influx of ions, immobi-
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lization of these as an intracellular gradient (e.g., Ca
++

)

while mobile counter ions established a substantial po-

tential drop (Jaffe, 1969, 1979; Jaffe et al, 1974). This

analysis predicts that sites of Ca++ leak into cells will be

electropositive with the opposite sites of lower Ca
++

con-

centration, electronegative. We appear to have accumu-

lations of some negatively charged organelles on the

"wrong" side of the cell to be explained by intracellular

Donnan potentials. Therefore, we expect a complex in-

terplay between the applied electric field and intracellu-

lar organelle transport processes. Whatever the mecha-

nism, this work draws attention to field-induced

organelle asymmetries in cells where the calculated cy-

toplasmic voltage drop would not be expected to pro-

duce these effects. Finally, both the proposed asymmet-

ric entry of Ca++ and the establishment of a transcy-

toplasmic voltage drop should be measurable.
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Abstract. When regenerating Mougeotia protoplasts,

suspended in agar, are cultured for 20-24 h in a 7 mV/
cell D.C. field, their growth axes tend to parallel the field.

This may indicate either rotation of the regenerates by

the field or polarization of the protoplasts and hence po-

larization of their microtubules which lie perpendicular

to the growth axis and regulate elongation.

Introduction

The cylindrical shape ofmany plant cells is established

by the helical or transverse orientation of cellulose mi-

crofibrils in the cell wall. The relatively inelastic mi-

crofibrils are laid down approximately perpendicular to

the axis of cell expansion. This specific orientation of the

microfibrils is thought to be controlled, in turn, by the

regular helical or transverse orientation of microtubules

in the peripheral cytoplasm adjacent to the plasma mem-
brane (for review see Heath and Seagull, 1 982). Thus the

growth axis of the cell, and hence the tissue composed of

these cells, is established by the constraints of the micro-

tubule and microfibril arrangement in component cells.

We know nothing of the mechanism that initiates the

development of this growth axis.

The spherical protoplasts of the green alga Mougeotia
are an ideal system in which to study this process because

they readily deposit a new cell wall and revert to their

original cylindrical cell shape (Marchant and Fowke,

1977: Marchant and Hines, 1979). In addition, the reor-

ganization of the microtubules during the establishment

of the axis, and the accompanying cellulose deposition,

have been characterized (Galway and Hardham, 1986),

as summarized in Fig. 1.

The orientation ofthe developing axes in naturally oc-

curring spherical plant cells, such as the Fucus egg or Lil-

iwn pollen, can be manipulated by the application of ex-

ternal electric fields (Jaffe and Nuccitelli, 1977). In this

study, we ask if the orientation of the axis of a typical

vegetative cylindrical plant cell, namely that ofMougeo-
tia, can also be affected by the application of an external

field. In other studies in our laboratory, it has been

shown that light and gravity have no effect on the orien-

tation of the developing axis in protoplasts ofMougeotia

(Hyde, 1987).

Materials and Methods

Plant material

Mougeotia sp. filaments, originally collected from the

Botanic Gardens, Canberra, were obtained from M. E.

Galway, A.N.U., Canberra. Filaments were cultured in

a soil-water medium using either a soil substrate (Prings-

heim, 1946) or a substrate of 1% agar in soil-water ex-

tract. The latter method reduced contamination of cul-

tured protoplasts. Soil-water extract was obtained by au-

toclaving garden soil (with no added fertilizer, herbicides

or pesticides) in distilled water (1:3 soil:water) for 20

min. A pinch ofCaCO, was added to every 500 g of soil.

Protoplast preparation

Consistent protoplast yields have been obtained by

modifying a purification routine of Galway and Hard-

ham (1986). Briefly, Mougeotia filaments were collected

on a gauze filter and rinsed with sterile water. Cell walls

were digested in the dark using 2% cellulase (Onozuka),

1% driselase (Yakult), and 0.4% macerase (Calbiochem)

in 400 mM sorbitol, 10 mM CaCl 2 . 3 mM MgSO4 , 25

mM MES/TRIS buffer (pH 5.6) containing 0.5% bovine

serum albumin (Sigma) for 2.5 to 3 h on a rotary shaker

at 60 rpm. Dextran (mw 1 7,200; Sigma) was then added

to a final concentration of 3%. the solution was centri-

fuged at 1 00 X g for 1 min and floating protoplasts were

removed. A solution of 1% Dextran in 1/8 protoplast

maintenance medium ( 1/8 PMM: 350 mM sorbitol, 1.25

mMCaCl, , 0.5 mM MgSO4 , 1 mM MES/TRIS pH 6. 1 )

145
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TIME

PREDIGESTION 3-7h 14-30h 30h +

MICROTUBULES Polar Array

CELLULOSE
MICROFIBRILS

Figure 1. Organization of microtubules and cell wall micronbrils in protoplasts, of the green alga

Mougeotia at intervals after protoplast isolation. (Adapted from Galway and Hardham, 1986).

or 1/4 PMM (350 mMsorbitol, 2.5 mAf CaCl 2 , 1 mM
MgSO4 , 15 mM MES/TRIS pH 6.1) was layered onto

the protoplast suspension, then 1/8 PMM or 1/4 PMM
layered on top. Protoplasts were centrifuged for 10 min

at 100 x g and those at the interface between the top and

second layer were removed and rinsed 3 times with 1/8

or 1/4 PMM. To the final suspension was added 1.5% sea

plaque agarose (FMC Corp., Rockland, Maine) in 1/8 or

1 /4 PMM, to a final concentration of0.75% agarose. The

protoplasts in PMM-agarose were cultured in field cham-

bers 0.05 cm deep X 0.7 cm wide X 4 cm long.

Application ofelectricfields

Fields were applied via Ag/AgCl salt bridges connected

via agar (1%. Bacto-Agar) tubes (47 cm long; bore 0.45 or

d

Figure 2. Immediately after isolation, Mougeotia protoplasts are spherical (a). After 20 h, untreated

protoplasts showed random orientation of elongation (h); elongation was parallel to an applied field of 2 V
cm '

(c. d, e). -. location of cathode; +. location of anode. Bar = 20 ^m.
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Table I

Analysis ofthe effect ofsteady electricfields on growth axis < >ricntalion

ofregenerating Mougeotia protoplasts
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Figure 4. Microtubule immunotluorescence ofAfougeotia protoplasts. Microtuhules are arranged ran-

domly 30 min after isolation in untreated protoplasts (a). Microtubule foci appeared by 3 h in both controls

(b) and field treated protoplasts (c, 0. By 18 h. almost all protoplasts showed two distinct foci in controls

(d) and in fields (e, i). The microtubules appeared to be aggregated in fewer strands in field-treated proto-

plasts. By 20-24 h in controls (g), and 17-20 h in fields (h), some protoplasts had begun to elongate (com-

pare Fig. 1 ). Bar = 10 ^m.

The frequency histogram of angular orientations in 2

Vcm~' field strength is presented in Figure 3. Protoplasts

were not randomly oriented after field treatment and

there was a small, but not significant tendency for control

protoplasts to be aligned parallel to the edges of the

chamber.

Development ofmicro!ubii/e arrays in protoplasts grown
in appliedfields

Preliminary experiments showed that development of

the polar array of microtubules was similar in untreated

protoplasts and in protoplasts grown in applied electric
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fields (2V cm '; Fig. 4). However, subsequent develop-

ment of the meridian band of microtubules, and estab-

lishment of the transverse array typical of cells in intact

Mougeotia filaments, appeared to be accelerated by field

treatments.

Discussion

The exact threshold field strength that affects the ori-

entation of the elongation axis in Mougeotia protoplasts

has not been determined, but it lies between 1 and 7 mV
per cell. This is within the range of field strengths that

affect the development of an axis in other plant cells

(Jaffe and Nuccitelli, 1977).

The elongation ofMougeotia protoplasts is controlled

by the orientation of the cellulose microfibrils and ulti-

mately by the orientation of the microtubular arrays.

Elongation is perpendicular to the band of aggregated

microtubules. For the elongation to be parallel to the

field, the two foci (poles) of the initial polar array must

be formed at positions of equal potential within the field.

If poles were formed so that the axis connecting them

were parallel to the field, elongation perpendicular to the

aggregated meridian microtubules could never be paral-

lel to the field, as all meridians pass through the poles of

the array. For elongation parallel to the field, the aggre-

gated meridian microtubules must also be placed at posi-

tions of equal potential within the field.

Unfortunately, attempts to verify these inferences

about the orientation of microtubular arrays in applied

electric fields by immunofluorescent labeling of the cy-

toskeleton of Mougeotia protoplasts, while maintaining

them in a fixed position, have been unsuccessful. Never-

theless, we have shown that all the usual microtubular

arrays do at least form in the field treated protoplasts.

The fact that the development of the axis in this vege-

tative plant cell can be manipulated by electric fields

opens the possibility that endogenous ionic currents play

a role in the establishment and maintenance of this axis.

We plan to investigate the pattern of extracellular cur-

rents around regenerating protoplasts and filaments of

Mougeotia. Indeed, steady ionic currents and the volt-

ages they generate may be the polarizing influence which

brings about the parallel alignment of cortical microtu-

bules perpendicular to the long axis of many plant cells.
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Abstract. External electric fields are efficiently con-

ducted into the cytoplasmic interior of extended chains

of cells that are electrotonically coupled by gap junc-

tions. For chains of cells or tissues that are much longer

than their electrical length constant, the cytoplasmic

electric field within the center ofthe ensemble is identical

in magnitude to the externally applied field. Over a pe-

riod of time, this internal electric field should cause a in-

tercellular redistribution of charged molecules that are

permeant to gap junctions, within the coupled tissue.

This prediction was confirmed experimentally by ob-

serving the directed migration of 6-carboxyfluorescein

(negatively charged) within the electrotonically coupled
lateral giant neurons of a crayfish nerve cord under the

influence of externally applied DC electric fields. To de-

termine whether such redistributions could occur in de-

veloping epithelial tissues, hydra were exposed to DC
electric fields, after charged fluorescent dyes had been

loaded into their ectoderm. In this electrotonically cou-

pled tissue, the fluorescent dyes also underwent an elec-

trophoretic redisi: ihution in response to externally ap-

plied fields. To fai rite the future use of electric fields

as an experimental ru-ans to redistribute intracellular

constituents in developing tissues, mathematical rela-

tionships are presented that predict the time course and

steady-state concentration profiles of molecules under-

going intercellular electrophoresis.

Introduction

The mechanisms by which endogenous and applied
electric fields affect the physiology and pattern formation

of developing organisms are strongly determined by how
electric field lines are spatially partitioned within cells

and tissues. This partitioning of electric field lines is, in

general, dictated by the specific core conductor and cable

properties of the cellular ensemble in question. In this

paper, we examine how externally applied electric fields

can influence the movement and concentration profiles

ofcharged intracellular molecules within the coupled cy-

toplasms of tissue cells connected by gap junctions. We
show experimentally that externally applied electric

fields can be used as experimental tools to control the

transjunctional fluxes of charged molecules across open

gap junctions. The ability to control intercellular diffu-

sion by externally applied fields potentially offers a new
means of determining whether the transfer of signal mol-

ecules across gap junctions is involved in the pattern for-

mation of developing tissues.

Briefly, we discuss the following issues in this paper:

( 1 ) The conduction of electrical current through cell

membranes into the cytoplasmic interior of an electro-

tonically coupled tissue.

(2) The cytoplasmic electric field profile, which arises

from the passage of current through the cytoplasm and

gap junctions of the coupled tissue.

(3) Recent experimental observations of a directed

electrophoretic movement of charged cytoplasmic mole-

cules through gap junctions within tissues exposed to an

externally applied electric field.

(4) Theoretical analysis of the steady-state molecular

concentration asymmetries which should develop in tis-

sues resulting from long-term intercellular electrophore-

sis under the influence of external electric fields.

(5) An experimental method to distinguish between

developmental biological effects originating from (a) the

electrophoretic segregation of molecules within cells or

150
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Table I

Electric field induced redistribution ofcalcein in hydra

Electric field

strength (V/cm)
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Figure 6. Waveform for distinguishing non-linear from linear pro-

cesses. An asymmetric alternating electric waveform applied to tissues

serves as a method to excite non-linear or threshold processes, such as

action potentials, predominantly on one side of the tissue. The first

phase of the waveform provides a supranormal stimulus that induces

larger membrane potential perturbations than the second phase of the

waveform. However, the entire waveform produces no net polarization

for processes that are linear in electric field strength, such as electropho-

resis. Linear effects are cancelled because the amplitude and duration of

the two phases of the stimulus are designed such that the time-averaged

amplitude of the applied electric field is zero, i.e., A,/A :
= t : /t, .

Results and Discussion

Figure 2 illustrates the movement of injected 6-car-

boxyfluorescein within the electrotonically coupled lat-

eral giant neurons of a crayfish nerve cord exposed to an

externally applied DC electric field of 200 mV/cm. Un-
der the influence of the electric field, the dye steadily mi-

grated from the cell in which it was injected, through a

gap junction (within the ganglion), and into the cyto-

plasm of the lateral giant neuron of the adjacent nerve

cord segment. During a given experiment, this directed

migration ofdye toward the anode occurred at a constant

rate which was directly proportional to the applied elec-

tric field strength. In experiments using electric fields > 1

V/cm, the dy? bolus was observed to pass through several

segments of the nerve cord, with no obvious retardation

ofdye movement at the gap junctions which couple adja-

cent lateral giaiv 'leurons (Cooper et al., 1989). In the

absence of an applied electric field, an injected dye bolus

slowly spreads out symmetrically by diffusion from the

injection site (Fig. 2 at min., before field). By normaliz-

ing the velocity of dye movement to the strength of the

applied electric field, an electrophoretic mobility for 6-

carboxyfluorescein within the cytoplasm of the crayfish

lateral giant neurons can be determined. Figure 3 illus-

trates that the electrophoretic mobility for 6-carboxy-
fluorescein is constant, -0.92 0.27 jum/s per V/cm (n
=

14), over a nearly 20-fold range of field strengths (0.2-

3.4 V/cm).
When placed in an electric field of 1 V/cm, a directed

redistribution of charged dye molecules was also ob-

served to occur within the electrotonically coupled cells

of the hydra ectoderm. The negatively charged and

highly mobile dye, calcein. was observed, in many cases,

to redistribute towards the anode within 20 min of expo-

sure to the electric field (Fig. 4; Table I). To determine if

the final distribution of the calcein resulted from a field-

induced redistribution, it was compared to the distribu-

tion in the same animals of a positive dye, tetramey-

Irhodamine cadaverine, or a junction impermeable dye,

rhodamine dextran. These two dyes displayed either no

significant asymmetry (rhodamine dextran) or a slight

asymmetry towards the cathode (tetramethylrhodamine

cadaverine) (Fig. 5). This suggests that the non-uniform

distribution of calcein is not the product of non-uniform

loading of the dyes or field-induced leakage of the dyes

from the cells. Furthermore, hydra, which were briefly

observed with the epifluorescence microscope before the

application of the electric field, showed no major or sys-

tematic non-uniformities in the loading of the calcein

(Table I).

Detailed analysis of the rates of redistribution of the

calcein and determination of its steady-state profile in

hydra, was hampered by the gradual sequestration ofdye
into cellular vacuoles, which occupy up to 90% of the cell

volume (Fraser et al.. 1987). From examination of the

hydra that failed to demonstrate calcein redistribution,

it appears likely that sequestration of the dye into vacu-

oles was responsible. In addition, it should be noted that

the intercellular mobilities of the dyes are difficult to

compare on the basis of charge since the effective dye

mobility is influenced by both the sequestration of the

dye and its binding to intracellular constituents. Despite

these limitations for quantitative analyses, the clear

asymmetry of the calcein distribution observed in some
of the hydra following exposure to an electric field sug-

gests that small, charged intracellular molecules can be

redistributed within a developing tissue by externally ap-

plied electric fields.

The exposure to the electric field appears to be non-

deleterious. In response to the initial application of the

external electric field, the hydra contracted their body
columns; however, within minutes the animals relaxed

their body columns and began waving their tentacles.

Even after continued exposure to the electric field for

several hours, the animals remained active, suggesting a

lack of adverse effects of the electric field on the organ-

ism's physiology.

Steady-state molecular profiles

As charged molecules are driven to one end of a cellu-

lar ensemble, such as is illustrated in Figure 1, the elec-

trophoretic flux of molecules induced by the electric field

will eventually become counterbalanced by back-diffu-
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sion. In steady-state, this is represented by the one-di-

mensional electrodiffusion equation:

mCE, n
= D(dC/dx) (2)

where C. m, and D are the concentration, intercellular

electrophoretic mobility, and intercellular diffusion co-

efficient of the charged cytoplasmic molecule, respec-

tively, m and D are lumped variables that refer to the

averaged movement of molecules as they pass through a

chain of coupled cytoplasms and gap junctions. Integrat-

ing equation 2 (Dwight. 1961; integrals 82.1 and

677.101), using equation 1 for the cytoplasmic electric

field, one obtains the steady-state concentration profile

of the charged cytoplasmic molecules:

C(x) =
exp{ (mE/D)[x

- X sinh (x/X)/cosh (L/X)] }

(3)

where m is the intercellular electrophoretic mobility of

the charged cytoplasmic molecule and is a normaliza-

tion constant requiring that the total number of mole-

cules within the cytoplasm is conserved during exposure
to the field (Cooper et ai, 1989).

A steady-state concentration asymmetry index can be

denned as the ratio of the concentration of molecules at

opposite ends of the tissue:

A = C(+L)/C(-L) = exp{(2mE/D)[L
- X tanh (L/X)]}

(4)

Upon rearrangement, a useful expression is obtained

that predicts the electric field necessary to create a given

steady-state concentration asymmetry between the two

ends of the tissue:

E = (D/2m) In A/[L
- X tanh (L/X)] (5)

The approximate time T necessary to establish this

steady-state profile is the time it takes the average inter-

nal electric field within the cable to move a molecule

from one end of the cable to the other (Cooper et ai,

1989):

/r f
+L

1

r =
(2L/m)/ (1/2L) E, ndx

/ L
J- L

= 2L2

/{mE[L
- X tanh (L/X)]}. (6)

For the case in which the cellular ensemble is much

longer than the electrical length constant (i.e., L > X),

equation 4 can be approximated by:

A = exp(2mEL/D) (7)

or

A = exp(mV/D) (8)

where V = 2LE is the total voltage drop across the length

of the tissue. The concentration asymmetry is essentially

a Boltzmann distribution, and of the same mathematical

form as equations derived separately by Jaffe (1977) and
Poo (1981) for the steady-state distribution of charged
molecules within cell membranes arising from surface

electrophoresis. For an electrotonically coupled tissue,

one would expect larger concentration asymmetries to

arise from intercellular electrophoresis across the length
of the tissue than from surface electrophoresis ofcharged
molecules within individual cell membranes. This is due

to the fact that small (<1500 MW) cytoplasmic mole-

cules are free to move through gap junctions the entire

length of the tissue, whereas the electrophoresis of sur-

face molecules is confined to the dimensions of a single

cell. In other words, 2L in equation 7 is much larger for

intercellular electrophoresis through an ensemble of cells

than the distance 2L for surface electrophoresis. How-
ever, the smaller diffusion coefficient of molecules within

the cell membrane (D^ KT'cnr/s) will tend to accentu-

ate the concentration asymmetries on the cell surface as

opposed to the concentration asymmetries of the more
mobile cytoplasmic molecules (D ^ 10~

5-10~ 6
cnr/s)

within the tissue cytoplasm. For a given electric field, the

magnitudes of the concentration asymmetries, either on
the cell surface or in the cytoplasm, depend on the factor

(2Lm/D) for the specific molecular environment.

Distinguishing mechanisms ofelectricfield interaction

Besides polarizing cells and tissues by redistributing

charged mobile molecules on the cell surface or within

cell cytoplasm, externally applied electric fields also pro-

duce shifts in transmembrane potential which can evoke

active membrane responses from both excitable and

non-excitable cells. For the one-dimensional chain of

cells illustrated in Figure 1 , these membrane potentials

shifts can be approximated by (Brink and Barr, 1977;

Cooper, 1984; Chan and Nicholson, 1986):

V(x) = -EX sinh (x/X)/cosh (L/X). (9)

These membrane potential perturbations alter the driv-

ing forces for transmembrane ion fluxes and may induce

voltage-gated ion channels to alter their conductance.

Thus, an applied electric field could influence the pattern

formation or morphogenesis of a tissue by directly acting

on its electrophysiology.

Since an electric field can simultaneously affect trans-

membrane ion fluxes, the topography of cell mem-
branes, and the distribution of cytoplasmic molecules

within electrotonically coupled tissues, it is important to

develop experimental methods of distinguishing which

electric field interaction(s) is dominant in producing a

specific biological response to an electrical stimulus. To
first order, electrophoretic effects should be directly pro-
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portional to the applied electric field strength. Although

shifts in membrane potentials are also linear in the ap-

plied electric field strength (see Equation 9), the acute

physiological responses resulting from membrane poten-

tial perturbations frequently stem from non-linear and/

or threshold processes, such as the modification of ionic

conductances or the initiation of action potentials. For

linear processes, symmetrical alternating field wave-

forms (sinusoidal or square-wave), should not initate po-

larizing effects on cellular physiology, since the time av-

erage of the effects are zero (e.g., no net electrophoresis).

Such alternating waveforms have been previously used

as diagnostic tools to distinguish biological responses

originating from membrane potential perturbations, as

opposed to effects stemming from the electrophoresis of

membrane components (Jaffe and Nuccitelli, 1977).

However, in certain instances, a symmetric alternating

waveform might not serve as a decisive test to reveal

effects originating from active membrane responses to

the membrane potential perturbations generated by a

DC electric field.

The use of an asymmetric alternating waveform, such

as is illustrated in Figure 6, offers a possible means to

determine whether a biological response to an applied

field is due to a linear or non-linear mechanism. Similar

to the symmetric waveform, the asymmetric alternating

waveform will produce no net reaction for a linearly re-

sponding system (e.g., no net electrophoresis). However,

the first phase of the waveform (I,) produces a supranor-

mal stimulus (i.e.. exceeding the mean absolute ampli-

tude) when compared to the second phase of the wave-

form (t: ). Thus, for any non-linear process, such as the

firing of an action potential, one end of the tissue will be

predominantly stimulated. Therefore, a waveform of the

type shown in Figure 6 should be a useful assay for deter-

mining whether a non-linear or a non-linear transduc-

tion mechanism is involved in generating a specific bio-

logical response to a DC electric field. Linear processes,

such as an electrophoretic mechanism, would yield no

response to the asymmetric waveform because they re-

quire the time-averaged electric field be non-zero to pro-

duce a net polarization of molecular distributions.

In conclusion, the ability to redistribute charged cy-

toplasmic molecules through open gap junctions with

externally applied electric fields provides a new method

ofcontrolling the fluxes and intercellular profiles ofputa-

tive morphogens within developing tissues over pro-

longed periods of time. Within the context of appropri-

ate control experiments, it may be feasible to use the

unique, long-range polarizing actions of electric fields to

selectively analyze the roles that gap junctions and inter-

cellular diffusion play in pattern formation and morpho-

genesis.
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Abstract. Xenopns myoball cultures were used to ex-

amine the lateral migration and clustering of acetylcho-

line receptors in response to electric fields. In contrast to

concanavalin A binding sites, which behave in a manner

explained by electromigration and diffusion, acetylcho-

line receptors form stabile aggregates at the cathode-fac-

ing cell pole. Interestingly, receptor aggregation contin-

ues there after termination of the field. This post-field

receptor aggregation is consistent with the action of a

specific diffusion-trap mechanism mediated by adhesion

or cohesion events on the cell surface.

The simplest hypothesis for the triggering of receptor

aggregation is that receptors are accumulated in response

to the electric field and, once past a threshold density,

autoaggregation is initiated. This model was tested by ex-

amining field-induced distributions of receptors follow-

ing enzymatic treatment to reverse the electromigration

of receptors. After neuraminidase treatment, and expo-

sure to electric fields, receptor distributions were consis-

tent with reversed electromigration (towards the anodal

cell pole) but continued to show receptor aggregation at

the cathodal cell pole. We conclude that the diffusion-

trapping of acetylcholine receptors requires the partici-

pation of non-receptor molecules. In addition to provid-

ing a useful experimental tool in these studies, electric

fields may play a role in receptor clustering at the neuro-

muscular junction.

Introduction

The accumulation of specific molecules at forming

synapses is an important problem in developmental neu-

robiology. Only specific types of nerve terminals can in-

duce this localization, suggesting that the mechanisms

involved may play a role in the developmental specificity

of neuronal connections. The induction of acetylcholine

receptor (AChR) clusters at the developing neuromuscu-

lar junction is a well-studied example of such localiza-

tion. Prior to innervation. AChRs and other components
are distributed diffusely; clustering begins shortly after

neuronal contact both in vivo (Blackshaw and Warner,

1976; Creazzo and Sohal, 1983) and in vitro (Frank and

Fischbach, 1979; Kidokoro et al., 1980; Role et a/.,

1987). Lateral migration of diffusely distributed recep-

tors makes a significant contribution to receptor cluster-

ing (Anderson and Cohen, 1977; Frank and Fischbach,

1979; Kuromi and Kidokoro, 1984; Ziskind-Conhaim et

al.. 1984; Role et al.. 1985; Stollberg and Eraser, 1988).

The use of electric fields to perturb the distribution of

membrane molecules on a cell surface permits biophysi-

cal studies of the lateral migration and aggregation prop-

erties governing these molecules (Jaffe, 1977; Poo and

Robinson, 1977; Poo et al.. 1978). This approach per-

mits a controlled experimental manipulation which is

non-invasive, and which triggers receptor clustering in-

dependently of added factors or cell contacts. In particu-

lar, myoball (spherical muscle cell) cultures have been

used to advantage in testing theoretical predictions con-

cerning electromigration, diffusion, and aggregation of

concanavalin A (con A) binding sites and AChRs (Orida

and Poo, 1978, 1980, 1981; Poo?/ a/.. 1979;McLaughlin

and Poo, 1981; Stollberg and Eraser, 1988).

We report here the use of digitally analyzed videomi-

Abbreviations a-Bgt. alpha-Bungarotoxin; AChR, acetylcholine re-

ceptor; con A. concanavalin A; FLR-con A fluorescein labeled conca-

navalin A: TMR-tf-Bgt. tetra-methyl-rhodamine labeled alpha-Bunga-

rotoxin.

157



158 J. STOLLBERG AND S. E. ERASER

croscopy to extend the accuracy and resolution of data

describing the distribution of AChRs after exposure to

electric fields. The use of these techniques permits rigor-

ous comparison to theoretical predictions based on elec-

tromigration and diffusion. Experiments presented here

document and dissect the mechanisms underlying an in-

triguing finding AChRs, accumulated at the cathode-

facing cell pole in an electric field, continue to aggregate

there after termination of the field.

Materials and Methods

Reagents, culture system

Reagents and culture preparation were as described

previously (Stollberg and Fraser, 1988). In brief, myoto-
mal cells were dissected from stage 1 8-20 Xenopus laevis

embryos (Nieuwkoop and Faber, 1962) in collagenase/

Steinberg's solution, dissociated in Ca++
/Mg

++
-free

Steinberg's solution, and maintained on sterile coverslips

in drops of culture medium for 1 day at 24C.

Experimental manipulations

Neuraminidase incubations were carried out in 50 /jl

of Steinberg's solution, pH 6.6. In the event of subse-

quent trypsin digestion, the neuraminidase solution was

removed and replaced with 50 n\ of 0.1% trypsin in

Steinberg's solution, pH 7.8. Following pre-field treat-

ments (where indicated), the cultures were returned to

culture medium and assembled into chambers with in-

ternal dimensions of6 X 1 X 0.02 cm. Following the elec-

tric fields, cultures were given the indicated post-field pe-

riods, chilled, and labeled with 300 nM tetra-methyl-rho-

damine labeled alpha-Bungarotoxin (TMR--Bgt), 25

Mg/ml tluorescein labeled con A (FLR-con A) in culture

medium. The cultures were then rinsed with 1 ml of cul-

ture medium, and kept on ice until video images were

acquired.

Data analysis

Data analysis techniques were as previously described

(Stollberg and Fraser, 1988). In brief, fluorescent images
were viewed through a Zeiss Universal microscope, gath-

ered by a SIT video camera (RCA [Lancaster, Pennsylva-

nia] model No. TC1030), and stored on video cassettes

(Sony U-matic video cassette recorder [Tokyo, Japan]
models VO-5600 and VO-5800). Videotape images were

digitized using a Digisector DS-88 board from Micro-

works (Del Mar, California) modified to permit de-

creased contrast settings. The position ofa cell within the

digital image was identified by cursor positioning at the

top, bottom, left, and right of the video image of the cell.

Digital images were corrected on a pixel-by-pixel basis

for spatial aberrations in the illumination, optics, and

Background Background

Figure 1. Scale diagram of the image analysis scheme. The dashed-

line circle indicates the boundary of the cell image. The solid circles

represent the tolerance (5% "of the radius) within which pixels must

lie to be accepted. For each pixel within this tolerance, the angle with

respect to the anode (0) is found and the corrected intensity (less back-

ground) is sorted into one of 16 sectors representing 6.

video tube. Pixels corresponding to the annulus of a

given cell image were identified, along with their angular

position (6) with respect to the electric field (see Fig. 1).

This information was used to estimate the binding site

density as a function of 0, expressed as a percentage ofthe

average receptor density on the cell surface. The extent of

redistribution under different conditions was compared

using an Asymmetry index (Orida and Poo, 1978; Poo el

al.. 1979), defined as

A = (C ISO
- C )/(C lgo + C ).

The asymmetry index was calculated using intensities at

the 1st and 16th sectors as approximations to C and

C| S0 . respectively (see Fig. 1 ).

Theoretical considerations

The electrophoretic force acting on a cell-surface mol-

ecule depends on the molecule's net extracellular charge.

Electric fields will also induce an electro-osmotic flow to-

ward the cathodal cell pole due to the negative charge on

the cell surface; the magnitude of this effect depends on

the net surface charge (the zeta potential; see McLaugh-
lin and Poo, 1981). Thus, the tendency of a given mole-

cule to move in response to electric fields can be altered

by treating the cell surface with agents such as neuramin-

idase, which remove negatively charged sialic acid resi-

dues. We will use the term "electromigration" to refer to

the net response of molecules to the forces of electropho-

resis and electro-osmosis.

Under "ideal" conditions (spherical, non-conducting
cells; no interaction between sites), the distribution of

cell-surface sites at steady-state in an electric field is a

balance between the actions of electromigration and
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diffusion (Jaffe, 1977; Poo ct a/.. 1979; McLaughlin and

Poo, 1981). The density of sites as a function offl(Q)is

Q = fm a e\p(-fi cos 6) + ( 1
- fm ) C, , where

tt
= 0-Cj/sinh(0), = 1.5-E.r-m/D,

r is the cell radius. C, the initial molecular concentration,

E the field strength, fm the fraction of mobile sites, m the

electromigration mobility constant, and D the diffusion

constant (Stollberg and Fraser, 1988). The two parame-
ters m/D and fm were allowed to vary in fitting this model

to data (all other parameters being measured quantities).

Results

Methodological considerations

As shown previously, the video-microscopic assay is

linear over a substantial range of ligand concentrations,

and after the pixel-by-pixel correction scheme (see Mate-

rials and Methods), the assay is independent of pixel po-

sition within the image (Stollberg and Fraser, 1988). The
same study also indicated that the binding of fluorescent

ligands is independent of binding-site density over the

range of densities encountered in these experiments.

Analysis of experiments was performed only when the

data were within the linear range of the assay.

Concanavalin A binding sites

FLR-con A labeled sites were seen to migrate towards

the cathode-facing pole of cells in electric fields. The
time-course of asymmetry development in the electric

field is well fit by an exponential with r = 12 min (Stoll-

berg and Fraser, 1988), and is close to maximal after 40

min. The steady-state distributions of FLR-con A bind-

ing sites following fields of 0, 1,2, and 4 V/cm for 40 min
are shown in Figure 2. The solid lines represent the least-

squares fit of the theoretical model (see Materials and

Methods) to the four experimental conditions. The fig-

ure illustrates a good agreement between data and the

theory over this range of field strengths (Fig. 2, legend).

After termination of a field of 4 V/cm, the asymmetry
of con A binding site distributions was seen to decay ex-

ponentially to approximately (i.e.. to a nearly uniform

distribution). The rate of this asymmetry decay was used

to estimate the diffusion constant of the average site, and

gave a value ofD = 2.3 X 10"
1* cm :

/s. in good agreement
with the approximation of D obtained from the rate of

asymmetry development in a field (Stollberg and Fraser,

1988). Thus, in terms of asymmetry development and

decay, and the distribution of sites in the steady-state,

con A binding sites behave "ideally" (as predicted by the

theoretical model) in fields ranging from to 4 V/cm.
However at higher field strengths, con A binding sites

showed less asymmetry in the steady-state than would be
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Figure 2. Steady-state distributions ofcon A binding sites after elec-

tric fields of0-4 V/cm. Cultures were subjected to the indicated electric

fields for 40 min and analyzed for the distribution of con A binding
sites as described. Data represent means standard errors for 3-6 ex-

periments, each consisting of 7-14 scanned cells. Curves, the least-

squares fit of the predicted distribution (see Materials and Methods) to

the combined data from 1, 2, and 4 V/cm. m/D = 64 8 V" 1 and fm
= 0.48 .05; x (45f

= 67.

predicted by the model on the basis of the data from to

4 V/cm, and also failed to return completely to a uniform

distribution after termination of the field (Stollberg and

Fraser, 1988).

Acetylcholine receptors native conditions

AChR distributions were found to deviate significantly

from ideal behavior in response to all electric field para-

digms. An example of such a distribution is shown in

Figure 3; it is not well fit by the model under discussion

(Fig. 3, legend). Furthermore, the minimum receptor

density under these conditions occurs not at the anode-

facing cell pole, as would be expected if ideal behavior

dominated the distribution, but at about 115 degrees

(Fig. 3, arrow). These non-ideal behaviors suggest that

some other phenomenon (besides electromigration and

diffusion) contributes to the observed receptor distribu-

tion.

To further analyze receptor behavior, distributions

were monitored following application of electric fields

and a post-field relaxation period. Unlike con A binding

sites, which return to a uniform distribution after termi-

nation of the field, the receptors continue to aggregate at

the cathode-facing cell pole (Stollberg and Fraser, 1988).

In the same study it was shown that receptor aggregation

is due to lateral migration of receptors, is insensitive to

disruption of cytoskeletal elements, and is sensitive to

trypsin digestion. Thus, the data are consistent with a

diffusion-trap mechanism of receptor aggregation (Ed-

wards and Frisch, 1976) mediated by adhesion or cohe-

sion events on the extracellular surface. In principle the
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Figure 3. Distribution ofAChRs after exposure to an electric field.

Cultures were exposed to a field strength of 8 V/cm for 80 min, then

labeled with TMR-c-Bgt and analyzed as described. Curve, the least-

squares fit of the model distribution to this data; in obtaining even this

poor fit m/D and fm are forced to implausibly large and small values,

respectively. m/D = 831 83 V' 1

, fm = 0.084 .002, xiiif'
= I.

Arrow, approximate location ot minimum receptor density.

triggering of the diffusion trap could be due to (i) field-

induced concentration of receptors, (ii) field-induced

concentration of some other molecules, or (iii) voltage-

sensitive mechanisms (see Discussion).

Acetylcholine receptors enzymatic modification

To test the relationship between electromigrational

concentration of receptors and post-field aggregation

(hypothesis i above), cells were exposed to neuramini-

dase treatments reported to reverse the electromigration

of AChRs (Orida and Poo, 1978). The result from such

experiments is shown in Figure 4, and shows a strikingly

bimodal distribution. The inset frequency histogram of

minimum density location shows that this is not due to

the averaging of two cell populations, but rather is a fea-

ture common to individual cells. The accumulation of

receptors at both cell poles under these conditions is a

novel finding, presumably missed in earlier experiments
in which the asymmetry index was used to characterize

the resulting distribution (Orida and Poo, 1978;

McLaughlin and Poo, 1981).

The bimodality of the AChR distribution implies two

opposed tendencies, and the shape suggests a combina-

tion of ideal electromigration and receptor aggregation.

An estimate of the contribution made by electromigra-

tion is shown by the dashed curve of Figure 4. By sub-

tracting this distribution from that of the data, we arrive

at an estimate of the contribution made by aggregation

(Fig. 4, dotted curve). The curve is qualitatively similar

to the receptor distribution (dominated by aggregation)

shown in Figure 3, strengthening the view that the distri-

bution of Figure 4 represents a combination of ideal elec-

tromigration (towards the anodal cell pole) and diffu-

sion-trapping of receptors (at the cathodal pole).

To further test this hypothesis, the distribution of re-

ceptors on neuraminidase-treated cells was monitored

following a post-field relaxation period. In accord with

the above interpretation, receptor densities were seen to

///crease at the cathode-facing pole and decrease at the

anode-facing pole during the post-field relaxation period

(Stollberg and Fraser, submitted). The density decrease

at the anodal pole clearly indicates that elevated AChR
density is insufficient to induce receptor aggregation.

Previous studies indicated that the receptor aggrega-

tion seen as a consequence of exposure to electric fields

can be blocked by treatment of the cultures with trypsin

(Stollberg and Fraser, 1988). Together with the above

analysis, this suggests that pretreatment with neuramini-

dase and trypsin should result in an ideal distribution

with a maximum at the anodal pole. Quantitative results

from several such experiments are shown in Figure 5.

The distribution is reasonably well described by the theo-

retical model (Figure 5. legend), indicating that the

AChRs have indeed been converted to ideally behaving

sites via the trypsin treatment.

If receptors behave ideally after treatment with neur-

aminidase and trypsin, the distributions should decay
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-

aggregation

30 60 90 120 150 180

Angle from Anode (degrees)

Figure 4. Distribution of AChRs following neuraminidase treat-

ment, and exposure to an electric field. Cells were treated with 0.2 U/
ml neuraminidase for 40 min and subjected to a field of 8 V/cm for 80

min. The distribution is bimodal, indicating receptor accumulation at

both anode- and cathode-facing poles. Data are from 4 experiments,

each consisting of 9- 1 1 scanned cells. Inset, frequency histogram show-

ing the positions of minima] receptor density among the cells. The ma-

jority ofthe cells are seen to have minima located in the 1 20- 1 50 degree

region. Solid curve, theoretical fit for the sum of two ideally behaving

populations: 1st population, m/D = 632 54 V"', fm = 0.027 .002;

2nd population, m/D = -2 1 1 V '

, fm fixed at 0.97 (else the algorithm

forced the value over 1.0); x<i:>
: = 64. Dashed curve, theoretical result

fit by eye to left-half of the data, yielding m/D = -19 V~' (fm = 0.8,

from data of Fig. 5). Dotted curve, estimated distribution of receptors

resulting from aggregation alone this curve is the difference between

the solid and dashed curves.
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asymmetry at higher field strengths has been reported for

IgE and con A binding sites on rat basophilic leukemia

cells ( Ryan etal., 1988). Further experiments will be nec-

essary to illucidate the biophysics behind the non-ideal

behavior of these sites at higher field strengths (see Stoll-

berg and Fraser. 1988). Ofgreater relevance to the behav-

ior of AChRs (see below) is the observation that con A
binding sites behave ideally over a considerable range of

field strengths.

60 90 ' 20 ' 50 ' 80 Redistribution ofacetylcholine receptors

Angle from Anode (degrees)

Figure 5. Steady-state distribution of AChRs following treatment

with neuraminidase and trypsin. Cells were incubated with 0.2 U/ml
neuraminidase for 40 min, 0.1% trypsin for 20 min. and then exposed

to a field of 8 V/cm for 40 min. Curve, theoretical fit to ideal electro-

osmotic distribution. m/D = -28 1 V~', fm = 0.8, xn5>
: = 27. Data

are from 4 experiments, each consisting of 7-12 analyzed cells.

back to uniformity after termination of the electric field.

Furthermore, the development of asymmetry with time

in the field, and the decay of asymmetry following field

termination, should show exponential kinetics giving in-

dependent estimates of the receptor diffusion constant.

Quantitative estimates of the development and decay of

receptor asymmetries have been made, and give good

agreement on a receptor diffusion constant of ~ 1 .2

X 1CT
9
cnr/s (Stollberg and Fraser, in prep.). The agree-

ment between these two estimates is reassuring, and is

consistent with the characterization of AChR behavior

as ideal following treatment with neuraminidase and

trypsin.

Discussion

Redistribution ofFLR-concanavalin A binding sites

The steady-state model describing the distribution of

ideal (non-interacting) sites describes the experimental

distribution ofcon A binding sites quite well over a four-

fold range of field strengths (Fig. 2). It should be empha-
sized that the same values for the two free parameters

(m/D, fm ) were used to generate the four curves in Figure

2, providing a rigorous test of the model. The behavior

of con A binding sites at or below 4 V/cm appears ideal

both in terms of these steady-state distributions, and by
the relaxation to near-symmetry following field termina-

tion. Thus, the assumptions of the theoretical model

(spherical, non-conducting cells; non-interacting sites)

appear to apply in this range of field strengths.

The asymmetry seen at 8 V/cm is larger than that at 4

V/cm, but less than expected based on the theoretical

model and the data from fields of 0-4 V/cm (Stollberg

and Fraser, 1988). A similar attenuation of the expected

In contrast to con A binding sites, AChRs were found

to behave non-ideally in response to electric fields. The
distribution of receptors immediately after exposure to

electric fields is poorly fit by theoretical predictions based

on ideal behavior, and even this poor fit requires implau-

sibly large and small values for m/D and fm , respectively

(Fig. 3). Additionally, the minimum receptor density is

adjacent to the region of receptor accumulation (Fig. 3,

arrow), whereas an electromigration model predicts that

this should occur at the anodal pole. The location of this

minimum suggests the operation of a diffusion-trap

mechanism, in which the trapping ofAChRs at the cath-

ode-facing pole leads to depletion in neighboring regions

via diffusion-mediated migration. This interpretation is

consistent with the observations that field-induced re-

ceptor aggregation ( 1 ) continues after termination of the

field, (2) is due to lateral migration of receptors, and (3)

is not affected by drugs d isrupti ng the cytoskeleton ( Stoll-

berg and Fraser, 1988). We should note that elevated re-

ceptor densities might represent the action of a single

trap, or ofmany traps too small for individual resolution.

Previous experiments have shown that trypsin blocks

field-induced receptor asymmetries, and disperses recep-

tor aggregates initiated by electric fields (Orida and Poo.

1980, 1981). Accordingly, experiments were undertaken

to analyze the effects oftrypsin on the post-field accumu-

lation of receptors. Trypsin digestion throughout the ex-

periment, as a pre-treatment, or at the start of the post-

field period was shown to block post-field aggregation of

receptors (Stollberg and Fraser, 1988). The likely mecha-

nism for this effect is a disruption of adhesion or cohe-

sion events stabilizing receptor clusters, and is consistent

with a diffusion-trap mechanism of aggregation.

The simplest model accounting for the above observa-

tions is that the electromigration of AChRs toward the

cathodal pole triggers the aggregation event there. This

hypothesis holds that, above some threshold density, re-

ceptor-receptor interactions are sufficient to induce ag-

gregation. The proposition is quite attractive with respect

to its simplicity and generality (Poo, 1981; for theoretical

development see Gershon, 1978). There are only two

other ways in which receptor clustering might be trig-
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gered in this system. First, the electromigration of some

other molecules might be responsible for receptor aggre-

gation. Second, a voltage-sensitive mechanism might be

involved; at 8 V/cm a spherical cell of radius 20 ^m will

experience a 16 mV depolarization at the cathode-facing

pole.

The data depicted in Figure 4 represent the receptor

distributions of cells treated with neuraminidase, sub-

jected to fields, and analyzed with no post-field relax-

ation period. The resulting bimodal distribution of re-

ceptors is a property of most individual cells, rather than

a population phenomenon (Fig. 4, inset; see also Re-

sults). The direction of electromigration has been re-

versed (by neuraminidase treatment) and is now toward

the anodal pole, while the diffusion-trapping of receptors

proceeds at the cathodal pole as before. This interpreta-

tion is supported by the dissection of the experimental

distribution into two distributions, one ofwhich behaves

ideally, while the other is characteristic of receptor aggre-

gation (Figure 4, dashed and dotted curves). As addi-

tional support for this view, it was found that receptor

density increases at the cathodal pole, but decreases at

the anodal pole following field termination (Stollberg

and Fraser, in prep.).

If neuraminidase treatment results in the opposition

ofelectromigration and aggregation, cells incubated with

neuraminidase (to reverse electromigration) and trypsin

(to block aggregation) should show ideal, but reversed

receptor distributions. Figure 5 depicts the results from

such experiments under near steady-state conditions.

The distribution is consistent with ideal electromigra-

tion. Furthermore, the asymmetric distributions ob-

tained under these conditions decay back to uniformity

after termination of the electric field, in accordance with

the prediction of the theoretical model (Stollberg and

Fraser. in prep.). Together these observations support the

interpretation that electromigration has been reversed,

while diffusion-trapping of receptors has been elimi-

nated. The conversion ofAChRs to ideally behaving sites

permits measurement of the receptor diffusion constant

by the rates of approach to, and decay from, the steady-

state receptor distribution. The results from such experi-

ments provide an estimated diffusion constant of about

1.2 X 10~
9
cirr/s (Stollberg and Fraser, in prep.). This

value is easily large enough to account for the receptor

aggregation seen in Xenopus myoball cultures (Stollberg

and Fraser. 1 988). and is similar to that found for AChRs
on cultured Xenopus muscle cells (2.6 X 10~

9
cnr/s; Poo,

1982), and for extrajunctional AChRs in Xenopus tad-

pole muscle (1.5-4 X lO^crrr/s; Young and Poo, 1983),

as measured by recovery of ACh sensitivity. However,

our estimate is considerably larger than the AChR diffu-

sion constant from Xenopus muscle cultures (2. 5 X 10""

cnr/s; Kuromi ct ul.. 1985) and cultured rat myotubes

(5X10
"
cnr/s; Axelrod el ai, 1976) as determined by

photobleaching recovery methods.

The triggering ofAChR aggregation

The simple hypothesis that receptor aggregation is trig-

gered via an increase in the concentration of receptors

is excluded by the results discussed above. Although a

significant receptor accumulation takes place at the an-

ode-facing pole in neuraminidase-treated cultures (Fig.

4), the receptor concentration decreases in this region af-

ter termination of the field (Stollberg and Fraser, in

prep.). Thus, elevated receptor density is not sufficient to

induce aggregation. Furthermore, receptor aggregation

proceeds at the cathode-facing pole despite the lowering

of receptor density there -due to electromigration (Stoll-

berg and Fraser, in prep.). Thus, the local accumulation

of AChRs is neither sufficient nor necessary as a trigger

for subsequent receptor aggregation.

There are only two remaining mechanisms of receptor

aggregation that are consistent with the findings pre-

sented here. First, the aggregation may be triggered by

the electromigrational accumulation of some other mol-

ecules (or by a distinct subpopulation of AChRs). This

possibility is not ruled out by the results from the neur-

aminidase experiments (Fig. 4); one need only postulate

that the relevant molecules carry charges such that their

electromigration remains toward the cathodal pole un-

der these conditions. A second class of mechanism for

the triggering of receptor aggregation depends on the de-

polarization of the cathodal pole membrane associated

with the application of electric fields (approx. 16 mV at

8 V/cm). Under such a model, the adhesion or cohesion

events responsible for receptor aggregation could be con-

trolled by voltage-sensitive channels. Experiments based

on the different predictions of these two remaining

hypotheses are currently underway. The experimental

system is ideally suited to further examination of the

mechanisms of receptor aggregation by virtue of the sim-

plicity and rapid response of the aneural Xenopus myo-
ball system, and the quantitative nature of the analysis.

Relevance ofelectricfields to receptor clustering in vivo

The usefulness of the model system described here

does not depend on the assumption that electric fields

are involved in the in vivo clustering of receptors. How-

ever, it is likely that such fields do occur in vivo (Fraser

and Poo, 1982). In brief, acetylcholine is released from

nerve terminals soon after contact with the muscle (Ki-

dokoro el ai. 1980; Xie and Poo, 1986), i.e.. before and

during the clustering of receptors. From the point ofview

of the neighboring cell surface, the extracellular region

exposed to acetylcholine will be at a negative potential,

as the activated receptors increase the local conductance
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to the cell interior. Thus, the orientation of the electric

field is appropriate to induce a receptor trap in the region

of acetylcholine binding. An attractive feature of such a

model is the positive feedback inherent in such a pro-

cess local excitation causes receptor aggregation, which

causes greater local excitation, and so on.

Despite the appealing simplicity of such a mechanism,

several important questions remained to be addressed

about the response ofAChRs to externally applied fields

before the proposed in vivo mechanism can be tested.

Most critical is the interaction between the strength, du-

ration, and duty cycle of fields in determining the thresh-

old for the induction of receptor clustering. Pulsed field

protocols hav e been used to dissect the behavior of con

A binding sites under these conditions (Lin-Liu ct ill..

1984); these kinds of experiments need to be undertaken

with respect to the initiation of receptor diffusion-traps.

It should also be noted that, whereas in the case of exter-

nally applied electric fields the intracellular field is essen-

tially zero, this will not be true in the case of endoge-

nously generated fields. Accordingly, the contribution

made by the internal fields to electromigration of other

molecules (possibly) involved in receptor-trapping may
have to be taken into account. The model system de-

scribed here should prove invaluable both for dissection

of the biophysics of receptor aggregation, and investiga-

tion of the possible role of electric fields in receptor clus-

tering at the developing neuromuscular junction.
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Introduction

The intriguing finding of Jaffe and Stern and others

(Jaffe and Stern, 1979) that strong ionic currents can be

detected in the vicinity of developing embryos and the

observation that the migratory and/or growth patterns

of cells separated from explanted embryonic tissue (Jaffe

and Poo, 1979) can be controlled by externally applied

electric fields both support the notion that the coupling

of extracellular electrical currents to cellular function is

physiologically important. The search for an under-

standing of the mechanisms and sites ofcoupling ofthese

electric fields to living cells has led to a new probe ofboth

cellular architecture and function. We report here on

some ofour work on one physical interaction induced by

exogenous electric fields: the redistribution of cell surface

membrane components by surface electrophoresis.

Materials and Methods

Most details of the experiments have been previously

described (Ryan et a!.. 1988). Briefly, tumour mast cells

that were grown, harvested, and labeled with FITC-IgE

(Taurog et al.. 1979; Barsumian et a/.. 198 1 ) were plated

on #1 glass coverslips, mounted in an electrophoresis

chamber (Gross et al.. 1986) modified for an inverted

microscope, and exposed to an applied electric field E .

Equilibration of the surface distribution was verified by

following its time course after applying the field. The dig-

ital fluorescence images of the distribution of fluores-

cence-labeled proteins on the surface of rat basophilic

leukemia (RBL) cells were recorded with a Zeiss 100X

Neofluar UNA oil objective on a Zeiss IM-35 epi-illu-

minated fluorescence microscope (with appropriate exci-

tation-dichroic-barrier filter combinations for fluores-

cein or rhodamine) coupled to a Venus Scientific TV2 or

TV3 intensified video camera. Neutral density filters

were used in the optical path of the excitation source (a

1 00 watt mercury arc lamp) to maintain the fluorescence

intensity within the linear range of the camera. Photo-

bleaching was negligible. The images were digitized and

typically averaged over 30 frames in a Trappix 5500 im-

age processor (Recognition Concepts, Inc.). The time

course of the relaxation of electric field induced segrega-

tion after switching of the field was followed to obtain a

measure of molecular diffusibility. Several different fields

of view were recorded at each time point (over ~l-2
min window) to provide

~ 25-30 cells for averaging. For

experiments performed on cross-linked receptors, the

cells mounted in the electrophoresis chamber were per-

fused 15 min prior to electrophoresis with the mono-

clonal antibody A2 (Menon et al.. 1986) at a concentra-

tion of 20 Mg/ml. All experiments were carried out at

room temperature unless otherwise noted.

Results and Discussion

The hypothesis that externally applied electric fields

redistribute the cell surface distribution of important cell

membrane components, and hence potentially provides

a spatial polarization that might serve as a guidance cue

for cellular migration or growth, was first put forth by

Jarle ( 1 977). The qualitative aspects of this redistribution

were verified by Poo and Robinson (1977) and found to

support the notion that applied external currents do in

fact induce spatial concentration gradients of cell surface

proteins.

By applying techniques of quantitative digital fluores-

cence microscopy to the analysis of the equilibrium dis-

tribution of fluorescence labeled surface proteins under

164
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electrical potential gradients, we have recently shown

that the general surface protein population does not be-

have as an ideal solution. Instead, the thermodynamic
activities are strongly enhanced (up to a factor of4 in our

experiments).

The model system chosen for these studies is a tumor

mast cell line, the rat basophilic leukemia (RBL) cell line

which expresses 2-3 X 10
5

receptors with high affinity for

the Fc portion of immunoglobulin E (IgE). Figure 1 is a

digital fluorescence microscope image of a field of view

of RBL cells after equilibration in the presence of an ex-

ternally applied electric field of 10 V/cm. It shows the

field induced asymmetric distribution of fluorescein-

conjugated IgE-receptor complexes. One of the most

convenient aspects of this model cellular system is the

fact that the labeling procedure leaves the IgE-receptor

complex as a monomeric unit, greatly simplifying stud-

ies on surface interactions and lateral diffusion. The con-

centration profile obtained by scanning the fluorescence

intensity of the cell along the periphery as a function of

angle with respect to the direction of the applied field

E is displayed in Figure 2. The solid line in the figure

represents an attempted best fit to the ideal solution the-

ory put forth by Jaffe (1977) and later in the following

form by Poo (1981):

2/3 -0(1 + cos 0)

where

kT
CXP

kT

-OT
1
-
exp

kT

where COT is the average prefield concentration, k is

Boltzmann's constant. I,m is a possible electro-immobile

fraction and f3
= (3/2)ZeE r (r is the cell radius and Ze

the effective charge of the electromobile proteins).

The discrepancy that arises between the data and the

ideal solution theory is evidence that at least one of the

underlying assumptions is inappropriate in the descrip-

tion ofthe proteins as non-interacting and point-like par-

ticles. Since the high concentration region in Figure 2

appears to be saturating with respect to the predicted dis-

tribution, we invoked simple steric exclusion to account

for the differences. Analogous exclusion principles gen-

erate the Fermi distribution and the Langmuir adsorp-

tion isotherm. In this case, the predicted field-induced

concentration profile of a population of surface proteins

which, averaging over the entire cell, occupies a fraction

fu ofthe surface area available to diffusion takes the form:

1-Iin

fo

C(l

(2)

0( 1
- 2f )

explkrr exp^T-
(3)

-U

Independent fits of this theory to the measured con-

centration profiles at four different field strengths are

shown in Figure 3 and indicate that the cell surface pro-

teins are responding to the electric field as if ~45% ofthe

area available to diffusion is covered by mobile proteins.

It is important to note that in this study we have assumed

that the IgE receptor is behaving as a representative

marker of the general surface population. This is sup-

ported by our measurements of other more general

markers of cell surface proteins (Ryan et a!.. 1988) which

give similar fitting parameters as those above. The details

of the fitting procedure as well as parameters used are

reported elsewhere (Ryan et a/., 1988).

Quantitation of the kinetics of the redistribution of

fluorescence-modified surface molecules after termina-

tion of the electric field has provided estimates of the lat-

eral diffusibility (Pool, 1981) of these molecules. Esti-

mates of the lateral diffusion coefficient derived from

post-electrophoresis recovery experiments (DPER ) have

been widely used in comparison with those obtained

from fluorescence photobleaching recovery (FPR) exper-

iments (DFPR ) (Axelrod el a/.. 1976; Jacobsen et at.,

1982). Most available data suggest that DPER is an order

of magnitude larger than DFPR (Poo, 1981; Tank et al,

1985) and this discrepancy has led to speculation about

possible perturbations on the cell membrane organiza-

tion induced by the electrophoresis. These differences

cannot be attributed to perturbations induced by the

photobleaching light pulse itself since extensive studies

have shown (Wolf et al., 1980) that neither repeated

bleaching pulses in the same spot nor measurements of

lateral diffusion using a combination of fluorophores as

markers reveal any photo-induced membrane damage.
We point out some complications in the comparison

of these two diffusion coefficients. One essential distinc-

tion is the basic difference between self (or tracer) diffu-

sion and mutual (or inter) diffusion which governs statis-

tical mixing and which relaxes a macroscopic concentra-

tion gradient in solution. The usual FPR experiment on

cell membranes measures the selfdiffusion of labeled lip-

ids or proteins while observation of PER or fluorescence

correlation spectroscopy (PCS) (Magde et al.. 1972,

1974a, b) measures the mutual diffusion coefficient. The

basic difference arises because in one case one measures

the relaxation of a physical gradient of a material (PER,

FCS), while in the other one is observing the randomiza-
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Figure 1. This fluorescence image shows the distribution of fluorescein isothiocyanate (FITC (-labeled

rat IgE-receptor complexes (IgE-R) on the surface of live RBL cells (2H3 subline) after electrophoresis.

Reprinted from Science (Ryan ft al.. 1988) copyright 1988 by the American Association for the Advance-

ment of Science (AAAS). Scale bar is 5 /^m.

tion of a gradient of the concentration of an equivalent

marker of proteins and not a gradient in the thermody-
namic activities of proteins (FPR).

In an ideal binary mixture, the mutual diffusion co-

efficient D relative to a frame fixed at the centroid of the

system can generally be expressed in terms of molecular

fractions XA (solvent) and X B (solute) and the concentra-

tion dependent self-diffusion coefficients DA and DB as

(Darken, 1948; Bardeen, 1949):

D = XADB + X BDA (4)

This equation expresses the consequences of the induced

flow with velocity V which is required by simple continu-

ity to maintain a stationary centroid for the material. Ne-

glecting molecular volume differences a local flow veloc-

ity

(DA - DB )

V(y)
=

(5)

is induced by a diffusive relaxation of a concentration

gradient (dX B/dy) in a solution where DA + DB and 12

is the volume/molecule. In the case where the diffusing

species exhibit non-ideal behavior due to solute-solute

repulsion, as we have found for proteins in cell mem-
branes, the diffusion process is modified by an extra driv-

ing force which can be expressed in terms of the concen-

tration dependent activity coefficient -y B resulting in a

correction for DB in Eq. (4) by a factor (Darken, 1948)

[1 + X B(d In 7 B/dX B )]. By the Gibbs-Duhem relation,

the activity coefficient for the solvent (lipid) can be calcu-

lated, which gives

1 +X,
d In = 1 + X,

In
(6)

such that the mutual diffusion coefficient is multiplied

by an overall factor [1 + X B(d In 7 B/dX B )]. In our case

we have shown (Ryan el a!.. 1988) that 7 B =!/(!- f)

(where f = X B ) so
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Figure 2. The relative surface concentration profile [CT(0)/C T] of

IgE-R on RBL cells equilibrated in an applied field of E
( ,

= 15 V/cm.

Shown is the average over an ensemble of about 30 cells like those dis-

played in Figure 1 . [CT(S)/C T] is displayed as a function of angle 6 with

respect to the direction of the applied field E (see insert). The standard

deviation of the mean values for the data points shown was typically

~ 10%. The solid line is an attempted fit to Boltzmann statistics includ-

ing an immobile fraction. Reprinted from Science (Ryan el al.. 1988).

copyright 1988 by the AAAS.

D =
-XB

[XADB + X BDA ]

= DB + XB(DA - DB )

1-XB

(7)

The relaxation process is further complicated by the

fact that both DA and DB are also likely to be concentra-

tion dependent. Saxton (1987) has recently calculated

the concentration dependence of tracer diffusion from

Monte Carlo simulations of molecular motion on a lat-

tice and finds

D(c)

D(0)
2.1817c+ 1.8025c

2
(8)

where D(0) is the tracer diffusion in the infinite dilution

limit of the concentration c (here c = X B ). Neglecting

high order terms, we see that in this case the effects of the

non-ideal activity coefficient in the extra driving force is

roughly compensated for by the slowing of diffusion by

crowding.

In most cell membranes of high protein concentration

(X B
~

0.5) typical values for DA
~ 1CT* cnr/s and DB

< 10"' cnr/s imply D an order of magnitude larger than

DB . This result is apparently confirmed by most avail-

able data on cell membranes. The one known exception

is the case of IgE-R on RBL cells (Wolf et ai. 1980;

Menonf/c;/.. 1986; McCloskey et al.. 1984) where exper-

iments show clearly that DPER
~ DFPR . The reason for

this exception is not clear. Nevertheless, we conclude

that observed differences between DPER and DFPR are

consistent with the general macroscopic foundation and

do not necessarily imply membrane perturbations dur-

ing electrophoresis such as dissociation from cytoskeletal

attachments. The interactions with cell substrate and sta-

tionary cytoskeleton that establish a frame of reference

for the centroid of the cell membrane are, however, ex-

plicitly implicated by this analysis ofthe continuity ofthe

diffusive fluxes. Recently, Abney et al. (1988) presented

a computational analysis of diffusion models that also

reveals differences between self and mutual diffusion in

the presence of explicit protein-protein interactions.

Their results ofan entirely different approach agree with

the general macroscopic foundation presented here.

Prolonged exposures to electric fields do, however.
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Figure 3. Equilibrium relative cell surface concentration profiles of

IgE-R on RBL cells in applied electric fields are accurately fit by the

exclusion principle theory for crowding (Eq. 2). Like Fig. 2. [CT(0)/Q>T]

is plotted for angle 6 with respect to E . At each applied electric field

En . the data set was fit independently to Eq. (8) to determine fi, I,m

and f by a nonlinear least squares procedure. Reprinted from Science

(Ryan el al.. 1988), copyright 1988 by the AAAS.
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Figure 4. Post-field relaxation curves plotted as In [A,(t)/A,(0)] (A,

as defined in the text) as a function of time for monomeric IgE-R com-

plexes (unfilled squares) and antibody cross-linked IgE-R complexes

(filled squares). Both data sets were obtained for exposures at 10 V/cm
for 1 20 min prior to relaxation. Typical standard deviations for A, were

~ 10%. The solid lines are provided to guide the eye, and are not fits to

the data.

seem to induce some irreversible or slowly reversible

effects. Figure 4 (open squares) depicts the relaxation of

a distribution of IgE-R complexes after exposure to a

field of 10 V/cm for 120 minutes (~10 times the rise

time for equilibration of the concentration profile) as a

semilogplot of the asymmetry index (Poo, 1981)

A, = C(180)-C(0)

C(180) + C(0)

versus time. The initial slope yields DPER
~ 2 X 10

"

cnr/s and is consistent with previous reports (McClos-

key, 1984). The slope of the recovery at later times, how-

ever, differs significantly from that at early times. The

precise magnitude of this effect has varied from day to

day, but it was generally observed to be more pro-

nounced for prolonged exposures than for brief expo-

sures. One must be very cautious in interpreting relax-

ation data analyzed in this fashion since the original as-

sumptions underlying the approximations used to obtain

a single relaxation rate in the decay of A; are not valid.

Since the initial condition prior to relaxation does not

conform to simple ideal solution theory (but is instead a

Fermi distribution), the original derivation (Poo, 1981)

no longer applies. However, the corrections to the slope

in Figure 4 should decrease at later times. Instead, the

observed cessation of recovery is consistent with an im-

mobilization of a fraction of the proteins occurring dur-

ing electrophoresis over a time scale much longer than

that required to reach equilibrium in the field, as sug-

gested by Poo el al. (1979). This is further supported by
the data presented in Figure 4 (filled squares) which de-

picts the post-field relaxation of IgE-R complexes which

have been cross linked by a monoclonal anti-IgE anti-

body present in concentrations greatly in excess of sur-

face IgE concentrations. Under similar conditions the

IgE-R complexes have been shown from FPR measure-

ments to be virtually immobilized (Menon et al., 1986).

The slope of the dashed line at early times suggests that

for the cross linked receptor DPER (~3 X 10"" cnr/s)

> DFPR (<10~
12

cnr/s), unlike the monomeric IgE-R

complexes where, as discussed, DFPR
~ DPER . The van-

ishing slope at later times again is consistent with the im-

mobilization of some large fraction of the population

during retention in the electrophoresed high concentra-

tion. This mechanism seems likely since cross-linking re-

actions are progressing throughout the experiment.

Hence, these data raise the interesting possibility that,

over prolonged exposures to electric fields, the mem-
brane surface proteins may be reordering themselves to

produce stable configurations or associations which per-

sist after removal of the electric field.

It is still unknown whether the membrane reorganiza-

tion induced by electric fields can be directly related to

physiological cell responses reported in many systems.

Since our studies have shown that even at typical mem-
brane protein concentrations strong steric constraints are

manifest, it is possible that small shifts away from equi-

librium concentrations alone could prove to have pro-

found effects on cellular physiology. For example, Grass-

berger el al. ( 1986) have estimated that the equilibrium

binding constant for protein self association is signifi-

cantly enhanced in the presence of large area fractions

of inert proteins. It is also possible that any membrane

diffusion mediated signal transduction events could be

eliminated or slowed in the high concentration region by

virtue of the fact that the surface area coverage is so high

that self-diffusion coefficients may be quite small. This

could provide a polarization in the cell's signal transduc-

tion abilities since on the side of the cell where the con-

centration has decreased, diffusion may be faster.
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Abstract. The results of a series of measurements on

the interaction of electromagnetic fields with cell ensem-

bles in vitro are described. The measurements include

the effect of fields on population doubling time,
3H-TdR

uptake, membrane transport, and galvanotropism. No
measureable effect ofAC fields was found, and in partic-

ular no evidence was found for a cyclotron-resonant

mechanism in the ion transport across cell membranes.

Introduction

There is now considerable experimental evidence for

the interaction of low energy, non-ionizing electromag-

netic fields with mammalian cell systems. The evidence

can be separated according to the type of field: DC mag-
netic field, DC electric field, both steady and pulsed, and

low frequency AC field, both sinusoidal and pulsed. The
evidence for the interaction of DC electric fields is firm.

The evidence for the AC interaction remains highly con-

troversial, in part because there is a lack of duplication

of crucial experiments, which in turn can lead to the

quoting of unconfirmed results as fact.

The purpose here is to describe a series of experiments
carried out over the past six years that have had as their

objective the measurement of the electromagnetic inter-

action with transformed cell ensembles, in particular

L929, Chinese hamster ovary (CHO), Balb/c 3T3, and

rat osteosarcoma (ROS). The only primary cells investi-

gated were quail somite and fetal rat calvarium, and for

these only the response to DC electric fields was mea-

sured.

The experiments fall into four categories: ( 1 ) measure-

ments of the effects ofDC magnetic and AC electromag-
netic fields on population doubling time, (2) effects of

AC and pulsed fields on 3H-TdR uptake, (3) effects of

AC fields on membrane transport, and (4) galvanotropic

effects ofDC electric fields.

Methods and Results

The population doubling time with a 3 mT DC mag-
netic field and with a 3 mT rms 60-Hz field have been

measured for L929 cells. We know of no data, duplicated

in at least a second laboratory, that shows any effect of

static magnetic fields in the mT range on cell growth or

doubling time. Graphs ofthe doubling time for three val-

ues of the induced electric field at 60 Hz are shown in

Figure 1 . There is no significant difference between field

on and field off as determined by comparison of the lin-

ear regression coefficients. The three linear regression

lines of Figure 1 were obtained by a least squares fit to

the data and give the rate of cell growth over the interval

from zero to 1 29 h. To test whether the electric field had

a significant effect on the growth rate linear regression

coefficients were determined (by least squares) for each

of the three regions in time, and for each of the three

values of the applied electric field. In the time interval 0-

38 h, with no field applied, the rates should be the same

within statistical fluctuation. The three values with stan-

dard error are b2 ,

= (15.5 2.3) X 10~
3

, bw =
(15.0

2.3)X 10'
3

, and /> 151
=

(17.7 2.1) X 10"
3 forE = 2.2

mV/m, 10.2mV/m,and 15.5 mV/m, respectively. In the

time interval 38-90 h, with the field applied, the corre-

sponding values are b22
=

(17.2 1.21) X 10
3

, b, 02

= (15.5 1.21) x 10"
37and />, 5:

= (15.6 1.0) X 10~
3

.

For the time interval 90- 1 29 h, with the field off, the val-

ues are />23
= (18.6 1.4) X 10~

3
, bm = (16.2 2.8)

X 10~\ and />,.,_,
= (16.5 2.0) x 10~

3
. In a further test

of significance, a comparison of the regression coeffi-

cients was made. The standard error of the differences

was determined and using the "student" /. the confi-

dence levels determined. They varied from 0.2 to 0.85.

Thus it is concluded that the variation in growth rate

cannot be regarded as significant. There is not sufficient

170
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L929 Cells- 3mT rms,60 Hz

2 2mV/m
8 102mV/m

155mV/m

Time (hrs)

Figure 1. Doubling time of L929 cells for 3 values of the electric

field induced by a 30 gauss (rms), 60 Hz magnetic field at T = 37C.
The field was off for the first 38 h, on for 52 h, then off for 39 h.

evidence to assert that the growth rate was influenced by
the applied electric field. It might be noted that in general

an increase in initial growth rate is to be expected be-

cause of the "conditioning of the medium" effect (Par-

kinson 1983). In such measurements it is critical that the

temperature be maintained constant with field on and

off since the doubling time is an exponential function of

temperature. [See for example the measured dependence
of the mitotic period for L929 cells in Parkinson (1983).]

It has been reported that appropriately pulsed electro-

magnetic fields (Bassett et al, 1981) promote os-

teogenesis and wound healing. There is also a report that

pulsed electromagnetic fields stimulate DNA synthesis

in fetal rat calvarial osteoblasts grown in culture (Hanley
et al., 1981). There is, to our knowledge, only one report

in a refereed journal of a response by transformed cells

(Colacicco and Pilla, 1983). We have measured the up-

take of tritiated thymidine (

3
H-TdR) by cultures of finite

cell lines and continuous cell lines in response to pulsed

electromagnetic fields (PEMF) using both the Bassett

waveform ("c"-signal) and a repetitive rectangular pulse

train. The finite cell lines were quail somite fibroblasts

and periosteal cells from fetal rat calvarium; the continu-

ous cell lines were L-929, Balb/c 3T3, Chinese hamster

ovary (CHO), and rat osteosarcoma [ROS 17/2.8]. The

apparatus for generating the pulsed electrical field is the

same as that described earlier (Parkinson and Hanks,

1986). In that work, 24 well tissue culture dishes were

used. The values given for the induced electric field were

not correct because the centers of the wells were not co-

axial with the coils. The old data has been re-evaluated

and some ofthe experiments repeated using 80-mm plas-

tic culture dishes carefully aligned co-axially with the

coils so that the induced electric field at the position of

the cells is accurately known. The results after re-evalua-

tion for fetal rat calvarial periosteal cells are shown in

Figure 2 together with the results for Balb/c 3T3 using
the 80-mm dishes. We did not find a statistically signifi-

cant difference in the uptake of any of these cell lines

from that of control ensembles. The regression coeffi-

cients for the data for Rat Calvariun for 1 min and 24 h

exposure are b
{

= (12.9 28.7) X KT 3 and624
= (-41.9

39.3) X 10~
3
with corresponding confidence intervals

of0.65 and 0.33. respectively. For the Balb/c3T3 the val-

ues are b9 =
(1.2 3.9) X 10~

3 and b =
(1.81 1.2)

X 10~
3
with confidence levels of 0.75 and 0.2, respec-

tively. There is not sufficient evidence to assert that the

uptake of 3H-TdR was influenced by the applied electric

field.

Reports (Bawin and Adey, 1976; Blackman, 1985)

that efflux and/or influx of Ca++ ions from brain tissue

display a resonance type response to an applied electro-

magnetic field has led to a cyclotron-resonance model for

the interaction (Blackman. 1985; Chiabrera et al., 1985;

Liboff, 1985). We have done two experiments. The first

searched for resonances in Ca++ transport in Balb/c 3T3,

L929, V79 and ROS 17/2.8 cells by measuring changes
in the cytosolic Ca

++
concentration using fluorescence

spectroscopy on cells loaded with the fluorescent chelat-

ing agent fura2 (Parkinson and Hanks, 1988). The sec-

ond experiment searched for resonances in the ion trans-

port across turtle colon (Liboff and Parkinson, 1988).

The apparatus for the fluorescent studies is shown in Fig-

ure 3. The spectral emission from an ensemble of L929

cells is shown in Figure 4. Figure 5 shows the emission

intensity as a function of time and illustrates the chela-

tion of Ca++ , while Figure 6, a time scan of the fluores-

cent intensity, shows the action of ionomycin and

EGTA. The movement ofCa++
into and out of the cyto-

plasm under the action of ionomycin and EGTA caused

extreme changes in the fluorescent intensity. (Ionomycin
makes the membrane permeable to calcium while

EGTA is a calcium chelator.) Conversely no change in

fluorescence was observed when the DC field (50 /uT) and

the AC magnetic fields (50 MT amplitude, f = 38. 1 5 Hz)
were applied at the resonant conditions in which the DC
field is comparable to the geomagnetic field (McLeod
and Liboff; 1986). Because the "effective-mass" for Ca-

ions may be quite different from the free-space mass, the

frequency was varied over the range from one to 100 Hz,
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Figure 4. Spectral emission from an ensemble of L929 cells illus-

trating the chelation of Ca++
. Each graph contains two superimposed

plots, one for excitation wavelength E x
= 340 nm (solid curve), and one

for E,
= 380 nm (dashed curve). The large peaks at the left, centered at

Em = 340 nm and Em = 380 nm, are reflections by the sample holder

of the incident radiation. The small peaks (Em = 385 nm and 440 nm)

are artifacts, probably Raman scattering. The broad peaks, centered

between Em = 480 nm and 500 nm, indicate the relative fluorescence

emission. The cells were loaded for 1 .5 hours in 3 n.M fura2AM in 3 ml

of Ca-free buffer, washed three times in buffer, and mounted in a cu-

vette containing 3 ml of Ca-free buffer, (a) Spectra immediately after

mounting (clock time =
1 2:57:33); (b) The same cell ensemble 52 min-

utes later (clock time 13:49:48) after again washing the cells in Hal-

lam's, mounting in new cuvette with fresh buffer and 2.6 m.M CaCl : ;

(c) The same ensemble 23 min later (clock time 14:12:54) with 5.2 mM
CaCl : . The temperature was maintained at T = 37C.

of calcium channels per cell is not known, but based on

the number of Na-channels (Darnell el a/., 1986), 400 is

a reasonable number. Thus to reduce the cytosolic Ca
++

concentration by 200 nM requires that each channel on

the average transport 100 ions. Calculations based on

NMR-derived rate constants for gramicidin channels

(Urry et ai, 1980) suggest a conduction of 10
7

ions/s/

channel for a 1 M external to 10~
7M internal concentra-

tion gradient. Thus for 10~
3 M external to 10~

7 M inter-

nal concentration a conduction of 10
4
ions/s/channel

would seem to be a very conservative estimate. This leads

to a transient time constant of the order of milliseconds,

as is observed via patch clamp techniques.

A change in fluorescent intensity of the order of 3%
would be detectable in the data of Fig. 5. The addition of

EGTA (Fig. 6) results in a factor of 3. 1 decrease in inten-

sity, a decrease due to reduction of [Ca
++

] c . Again for a

normal cytosolic concentration of 200 nM, then a
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Figure 5. (a) The emission intensity at Em = 490 nm for E, = 340

nm as a function of time. The data points are taken from eight graphs,

including the three of Figure 4. The solid curve is given by I = Is(l

- e~ "') fitted by least squares to the data, where I s
=

1 1,300, r = 34.3

min, and \~
= 23 x 10', where \~ 's tne sum f me squares of the

deviations of the data points from the calculated curve. Note particu-

larly the increase in intensity following the addition of lonomycin. and

the decrease following the addition of Tris-EGTA. (b) The emission

intensity at Em = 490 nm for E x
= 380 nm. The line is drawn just to

connect the points, (c) The 340/380 ratio for Em = 490 nm calculated

from the data points in (a) and (b). The arrows indicate changes in the

experimental conditions. The solid curve, again of the form I
=

Is(l

- e~ "'). when fitted by means of least squares yields I s
= 2.6, r = 38.6

min, and x
2 = 2.9 x 10"'. The time t = corresponds to 70 min after

the start of loading. The exponential form and long time constant sug-

gest a slow hydrolysis of the fura ester to the acid, or the diffusion of

Ca++ from internal stores (organelles) to the cytosol and not membrane

transport, since washing at t = 5 min, the addition of CaCK at t
= 48

min and the application of the EMF at t
= 86 min did not alter the rate

of change of the emission intensity.

The uncertainties associated with the data points are calculated from

the statistics of counting only. Note that while the intensities change

significantly on the addition of ionomycin the ratio did not change.
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Response ofcell lines to DC electricfields

Cell type Substrate* Temp C (V/cm) Medium Result

Quail somite fibrobl.
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Figure 8. Galvanotropic response of ROS osteoblasts 17/2.8 at 13.1 V/cm. (Left) t
= before field;

(right) at t
= 260 min.

Hallam'swith 1.3 mAI calcium added, or Hallam's with-

out calcium. Because the Noble agar contained 1 1 .0 ^g/

ml calcium, it was dialyzed, reducing the calcium con-

centration to 0.05 Mg/ml before being used.

Conclusions and Discussion

In our various measurements we find no effect of AC
electromagnetic fields on mammalian cells. The many
reported effects of the interaction of induced fields (thus

no DC component) with the cell system are puzzling

since the induced field can produce a net displacement

ofan ion only through a non-linear response (Parkinson,

1985). It can be shown that a non-linear response can

occur, but the DC component will be very small. Con-

sider the ion motion that results from the application of

a time-varying magnetic field. Assume an ion of charge

q and mass m is immersed in liquid in the midplane of a

Helmholtz configuration so that the magnetic field [B
= B + B, sin u>t] has only a z-component and therefore

the induced electric field E = E has only a 0-component.

The forces acting on the ion are the Lorentz force, q( E

+ v X B), the viscous drag -fv and the random molecular

bombardment K(t). These forces then give the ion an ac-

celeration, so that

dv -
m = -/v + K(t) + q(E + v X B)

dt
(1)

where f is the friction coefficient for the viscous drag, K(t)

is a fluctuating force of which the average value is zero

and which has a sharp correlation function and, thus,

essentially a white spectrum. The ratio of the frictional

force to the inertial force may be written in terms of /3

= f/m =
1/r, where T has the dimensions of time and

measures their relative importance. If T is large (/small

or in large, large inertia) the particle will move an appre-

ciable distance in the observation time / under the influ-

ence of the driving force. If however the time between

collisions is very short then the friction term is large, the

inertial term small, and the particles diffuse according to

the well known diffusion equation of Einstein. Thus we
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Figure 9. Galvanotaxis chambers (A) horizontal model; (B) vertical

model for use in SLM-8000C spectrofluorometer.

have to look at the magnitude of /}
=

\/r in liquid. In a

gas the assumptions under which the mean free path (X)

and the collision time (T) are calculated are well justified.

In a liquid, while the situation is more complicated, there

is evidence for the validity of the random walk model

for diffusion (Hildebrand el ai, 1970) and the diffusion

constant can be related to A and T. These considerations

give an estimate of X ~ 10"
'"
m, a fraction ofa molecular

diameter, and T ~ 1 0~
' 3

s. The diffusion coefficients and

electrophoretic mobility for concanavlin A receptors

have been measured by Poo et al. (1976) who found val-

ues from 10
i: and 1(T

' 4 m :
/s and 2 X 10~

5
/am/s/volt/

meter, respectively. The point then is that the inertial

term is unimportant. Chiabrera et al. ( 1 985) showed, and
we have verified*, beginning with equation ( 1 ), that there

is indeed rectification, that is, a DC term appears in the

velocity. The non-linearity necessary to produce the DC
component comes through the (sin

2
cot) term from the

interaction of v and B, . It will be very small, however,

since its magnitude is proportional to 1//8.

In view of the large value of 0, it is difficult to visualize

any mechanism for an ion cyclotron resonance (ICR). A
cyclotron resonance implies that energy is fed into the

ion motion at the orbital frequency in such a way as to

continue the orbital motion. [If the alternating compo-
nent ofthe magnetic field is essential for ICR as suggested

by McLeod and LibofT( 1986), then the resonance has to

be a betatron type acceleration where the energy is fed in

during the time of the increasing magnetic field and

taken out (the ion deaccelerated) during the alternate

half cycle when the field is decreasing.] If the orbital fre-

quency is an integral number higher, so that the ion

makes several turns during the rise of the field then en-

ergy can be absorbed. This is the case in "cyclotron reso-

nance" in metals. But in metals the mean free path ofan

electron is much longer than the orbit circumference, or

COCT ^> 1 where wc
=

(qB)/m. However in a metal, and as

for our case, ifWCT <^ 1 there will be no resonance. The ion

will traverse a small fraction of an orbit before making a

collision, it will be scattered, and start again on a new
orbit. For the numbers B = 38 j/T and/= 29.4 Hz the

radius of curvature of a Ca++
ion at rms thermal velocity

is 2.2 m. For a radius of curvature corresponding to a

channel radius (~10~' m) the component of velocity

perpendicular to the magnetic field would be ~2 X 10~
8

m/s, a very small number. While Ca++
ions will find and

move through open channels of a few angstroms diame-

ter (such as along the axis of a gramidicin bridge), it is

not clear how a "cyclotron resonance" can significantly

enhance the process.

It is possible to suggest a simple model that could pro-

duce the necessary non-linearity for bone repair. Ions in

the medium between bone ends will experience a force

due to the AC field (pulsed or sinusoidal) tending to

cause the ion to move back and forth. It will, of course,

make many collisions with the molecules ofthe medium,
but as for electrical conductivity in a metal there will be

a small average displacement. An ion driven to left, say,

may be trapped by the bone matrix, which may exert a

greater (binding) force on it than the force due to the elec-

* We are indebted to A. C. T. Wu for carrying out this non-trivial

calculation.
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trie field. This reduces the concentration of the free ions

in the medium and because of the concentration gradi-

ent, additional ions diffuse into the region. Thus Ca++

(or other ions) become available for forming a bolus. It

is the randomness of the ion motion, superimposed on

the sinusoidal motion due to the electric field, that causes

some ions to be trapped by the bone matrix. Note also

that ions should be trapped at each bone end. Two conse-

quences of this simple model can be tested. First, the

time for repair using pulsed EMF should be much longer

than that required for the DC currents used in invasive

surgery, and second, the calcium bolus should build up

at both ends of the fracture, not just the cathodal end as

for the DC case.
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Abstract. The transepithelial potential (TEP) across

the skin of Notophthalmus viridescens hindlimb digits

was measured in animals immersed in artificial pond wa-

ter (APW) that was 1.5 mAf in NaCl, 0.06 mM in KC1,

and 0. 1 mA/ in CaCl 2 , before and after making a wound
in the digit tip. Before wounding, the TEP of the digit

skin averaged 35.3 mV 5.5 mV (S.E.M.), inside posi-

tive. After wounding, the TEP at locations distant from

the wound approximated the TEP before wounding, but,

at points progressively closer to the wound surface, the

measured TEP was progressively less. The slope of this

change in TEP, the lateral wound potential, averaged

41.7 mV/mm 9.5 mV/mm, with the regions closer to

the wound being more negative than those away from

the wound. When the Na +
channels of the outer surface

of the external epidermal cells were blocked with ben-

zamil (30 pM in APW), the TEP of the unwounded skin

was reversed, to an average of -14.1 mV 3.7 mV (in-

side negative). After benzamil-blocked digits were

wounded, the lateral wound potentials averaged -21.5

mV/mm 4.0 mV/mm, with the polarity reversed: re-

gions close to the wound were more positive than those

away from the wound. The magnitudes of both the nor-

mal and the reversed wound fields are greater than those

known to promote the migration of cells in vitro. What
remains to be determined is how Notophthalmus virides-

cens epidermal cells and fibroblasts behave in such fields,

and how this behavior relates to the process of wound

healing under normal and modulated wound field con-

ditions.

Introduction

Wound healing is a process that is simpler than most

developmental events, but it nevertheless is crucial for

the well-being of organisms (Needham, 1964). Breaks in

the integument that compromise the protective barrier it

provides against the external world must be repaired. It

is therefore of some interest to discover ways in which

this repair process can be facilitated, particularly under

pathological conditions that interfere with normal

wound healing. Over the past 20 years, reports have ap-

peared in the literature that describe an acceleration of

mammalian wound healing by applying relatively steady

electrical currents to wounds (reviewed by Carley and

Wainapel, 1985, and by Vanable, 1989). However, the

development of a rationale for why electric fields should

promote wound healing is in its infancy, and controlled

experiments exploring this issue have just begun.

The skin of vertebrates maintains a transepithelial po-

tential (TEP) across itself, chiefly by virtue of the ability

of its epidermis to transport Na+
electrogenically from

the water in which it is immersed into the interior

(Kirschner, 1983). This TEP provides the electromotive

force to drive currents from wounds made in the skin.

L. R. Robinson (1985) described a reduction in the rate

of healing of wounds made in the skin of adult Notoph-

thalmus viridescens when these wound currents are at-

tenuated by benzamil blocking of the channels through

which the transported Na +
enters the outer epidermal

cells (Eltinge el al, 1986). More recently. Stump and

K. R. Robinson (1986) and Rajnicek et al. (1988) found

that wound healing of Xenopus embryos is retarded or

prevented when these Na +
-dependent currents are re-

duced, either by blocking ofNa+
transport with ouabain,

by substituting choline for Na+
, or by Na+

channel

blocking with amiloride or benzamil. These observations

are consistent with the hypothesis that there is an electri-

cal component to wound healing.

However, it is not likely that the wound currents them-

selves are instrumental in promoting wound healing.

179
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Rather, cells are able to respond to electrical fields, by

growing or migrating toward one pole or the other (re-

viewed by K. R. Robinson, 1985). Generally speaking, a

response to such imposed fields by cells in culture can

first be detected at field strengths of 5 to 10 mV/mm; at

somewhat higher field strengths, the response becomes

more robust. Therefore, worthwhile questions to ask are

whether fields exist in the tissue bordering wounds that

are sufficient to promote the cell migration that must oc-

cur during wound healing, and, if so, what effect modu-

lating such fields has on wound healing. Such fields

would have to be proximo-distal, and, at least as a first

approximation, have strengths of at least 5 to 10 mV/
mm to be reasonable candidates for promoting cell mi-

gration from the non-wounded area into the wound. The

polarity of such wound fields should be a consideration,

also (Vanable, 1989), since cells usually migrate to one

pole or the other in a field. (However, there are hints that

epidermal cells may migrate both to the anode and cath-

ode in culture [K. R. Robinson, 1985].)

Barker et at. ( 1982) measured such lateral fields in the

skin of guinea pigs, and found them to be of ample

strength: ca. 1 50 mV/mm. However, except for the mea-

surements of McGinnis and Vanable ( 1986b) made in

the vicinity ofthe very drastic wounds made by limb am-

putation, data for lateral wound fields in amphibians,

with which most of the controlled experiments on elec-

trical aspects of wound healing have been done, are

lacking.

We report here our early results with measuring lateral

fields in the vicinity of relatively small wounds made in

the skin ofNotophthalmus viridescens, and the effect that

is produced on these lateral fields by interfering with the

skin's ability to generate a normal Na+
-dependent TEP

with the Na +
channel blocker, benzamil.

Materials and Methods

Notophthalmus viridescens adults, purchased from

Charles D. Sullivan Co., Inc., Nashville, Tennessee, were

maintained in tap water conditioned with Novaqua

(Kordon, Hayward, California) and fed liver twice a

week. They were anesthetized in 0.02% benzocaine dis-

solved in an artificial pond water (APW) with l%ethanol

(Vanable, 1985). The APW used for measuring the lat-

eral potentials was 1.5 mM in NaCl, 0.06 mA/ in KC1.

and 0. 1 mM in CaCl : (anhydrous; contains 1 % Mg salts).

Na+
channels were blocked by immersion in 30 nM ben-

zamil, which is 3,5-diamino-6-chloro-A^-jamino[(phe-

nylmethyl)amino]-methylene j pyrazinecarboxamide, in

this APW. Benzamil was synthesized by the method of

Cragoe et al. (1967), and isolated as the hydrochloride

sesquihydrate. The effects of benzamil on Na+
channels

and Na +
-dependent currents are described by Cuthbert

and Fanelli (1978) and by Eltinge et al. (1986). Wounds
ca. 0.25 mm in diameter were made by slicing the tip of

a hindlimb digit with a piece of a razor blade (Gillette

Super Blue Blade). Lateral potentials were measured by

essentially the same standard microelectrode technique

used by McGinnis and Vanable (1986a, b): the TEP
across the skin was measured before wounding, and then

again after wounding, at five positions: at the cut surface

of the wound, and at 0.25, 0.5, 1 .0, and 2.0 mm from the

cut surface. To facilitate the microelectrode pen-

etrations, the digit was gently kept in place by a fine glass

rod imbedded in dental wax affixed to the bottom of the

measuring chamber to either side of the foot. The micro-

electrodes used to penetrate the skin had a resistance of

1 to 3 megohms, and were pulled from WPI 1B120F 1.2

mm capillary tubing, back-filled with 3 A/ KC1, and con-

nected to a differential electrometer (Model 750 Dual

Microprobe Amplifier, WPI, Inc., New Haven, Connect-

icut) via a Ag/AgCl half cell in a WPI microelectrode

holder. These relatively low-resistance electrodes had

low tip potentials (less than 1 mV difference between in-

tact and broken electrode readings) and salt sensitivity

(less than 1 mV difference between APW and 3 MKC1
readings). The reference electrode, positioned in the wa-

ter in which the animal was immersed, was a very low

resistance broken microelectrode similarly connected to

the other input of the electrometer. Previous experi-

ments (McGinnis and Vanable, 1986a) have shown that

TEPs measured with an external reference electrode do

not differ from those made with an internal reference (Si-

lastic tubing filled with Ringer's). The external reference

was used in the present experiments because it is less de-

bilitating to the animal than such an internal reference.

The electrometer was grounded to the bath via a large

Ag/AgCl electrode. The measured potentials were dis-

played on a digital storage oscilloscope (Model 2221,

Tektronix, Portland, Oregon). They are reported here as

the mean S.E.M. For repeated measurements as heal-

ing occurred, animals were kept anesthetized by periodic

immersions in benzocaine, so as to avoid damage to the

healing wound by ambulatory movements.

Results

The TEP of the digit skin before wounding averaged

35.3 mV 5.5 mV (range. 8.2 to 54.3 mV). This is some-

what lower than the 66 mV 3 mV found for limb skin

by McGinnis and Vanable ( 1986b), possibly because of

the lower [Ca
++

] used in the APW of the present experi-

ments (Eltinge et al.. 1986). However, the lateral poten-

tials found under the skin in the vicinity of digit tip

wounds (Fig. 1 ) were similar to those found in the vicin-

ity ofthe much larger wounds produced by limb amputa-
tion: the average lateral potential in the distal-most 0.25
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Figure 1. Lateral wound potential in normal newt skin. A wound

ca. 0.25 mm in diameter was made in the middle hindlimb digit tip,

and the transepithehal potential of the skin was measured at 0, 0.25.

0.5. 1 . and 2 mm from the edge ofthe wound. The slope of the potential

difference between the edge of the wound and a point 0.25 mm away

from the wound is taken as the lateral wound potential. In this case, the

lateral wound potential was 66 mV/mm.

mm ofthe wounded digit tip one-half hour after wound-

ing was41. 7 mV/mm 9.5 mV/mm (range, 10 mV/mm
to 88 mV/mm; n =

10). The comparable value for the

stump fields was ca. 48 mV/mm (calculated from Mc-

Ginnis and Vanable, 1986b). As wound healing oc-

curred, more and more of the lateral potential drop oc-

curred across the wound epithelium, rather than along

the distal-most skin proximal to the wound (Fig. 2), as

was the case with the healing of the limb amputation

wounds studied by McGinnis and Vanable ( 1986b).

When sodium channels were blocked with 30 nAI ben-

zamil in APW containing 0.1 mM CaCl 2 , the overall

TEP diminished drastically, and usually reversed, so that

the subintegumentary region was negative with respect

to the outside (Fig. 3). A series of 8 measurements yielded

a value of- 14. 1 mV 3.7 mV (range, -29.0 mV to + 1 .6

mV) for the TEP of the digit skin before wounding. One-

half hour after wounding, the lateral potential in the first

0.25 mm from the edge of the wound averaged -21.5

mV/mm 4.0 mV/mm (that is, in contrast to the nor-

mal situation, the region close to the wound's edge was

more positive than regions away from the edge), with a

range of -35.2 mV/mm to -4.0 mV/mm.

Discussion

If the cells that migrate to heal wounds in newt skin

are as sensitive to electrical fields as typically are cells in

-0.25 025 0.5 1 1.5 2

DISTANCE FROM THE WOUND (mm)

Figure 2. Change in lateral wound potential with healing. O, within

Vi hour after wounding; D, 1 '/; hours after wounding; . 3
1

/: hours after

wounding. The vertical dashed line represents the wounding plane. A
wound ca. 0.25 mm in diameter was made in the middle hindlimb digit

tip. and the transepithelial potential of the skin was measured at 0, 0.25,

0.5, 1, and 2 mm from the edge of the wound at the times indicated

above. An additional measurement of the potential between the record-

ing electrode and the reference in the bath was taken 0.25 mm away
from the surface of the wound. As healing nears completion, most of

the potential drop between the subintegumentary region and the bath

occurs across the epithelium that covers the wound.

vitro, then the normal lateral wound fields that were ob-

served here should be of sufficient strength to have an

effect on their migration. The value of42 mV/mm in the

O r

-30
0.5 1 1-5 2

DISTANCE FROM THE WOUND (mm)

Figure 3. Lateral wound potential with the Na* channels of the

outer cells of the epidermis blocked with 30 nM benzamil. A wound

ca. 0.25 mm in diameter was made in the middle hindlimb digit tip.

and the transepithelial potential of the skin was measured at 0, 0.25,

0.5, 1 , and 2 mm from the edge of the wound. The slope of the potential

difference between the edge of the wound and a point 0.25 mm away

from the wound is taken as the lateral wound potential. In this instance,

the lateral wound potential was -21.6 mV/mm (the negative sign con-

veys the fact that the polarity of this field is opposite that of the normal

wound potentials).
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first 0.25 mm is actually somewhat conservative; in the

case of measurements oflimb stump fields (McGinnis

and Vanable, 1986b) in which TEP readings were made

at 0.125 mm from the edge of the wound, the average

lateral field between the surface of the wound and this

point was ca. 60 mV/mm, while the field between the

surface of the wound and 0.25 mm was ca. 48 mV/mm.
Therefore, the magnitude of the fields we measured was

at least 3 to 4 times greater than the ca. 10 mV/mm typi-

cally seen as the field strength to which cells just begin to

respond in vitro (K. R. Robinson, 1985). Furthermore,

it is conceivable that in vivo, cells could be more respon-

sive to fields than they are in vitro (Borgens et al, 1983).

In the vicinity of wounds made in skin immersed in

APW that was 30 nM in benzamil, the average lateral

field strength of ca. -22 mV/mm was less in absolute

value than that measured without Na+
channel blocker.

but still greater than the field strengths that affect cell mi-

gration in vitro. However, it must be emphasized that the

polarity of these fields, more positive at the wound than

at locations away from the wound, is the opposite of

those in animals with normally functioning Na
+
chan-

nels. This is because the overall polarity of the TEP is

reversed (it is inside negative), probably because CT
transport is dominating under the conditions of Na+

channel blocking and the relatively low Ca++
(0.1 mM)

in the APW used in these experiments (Eltinge et al.,

1986).

In vitro, cells whose migration is affected by the impo-

sition of fields typically migrate towards the cathode

(K. R. Robinson, 1985). That is, their migration would

be appropriate in fields of the polarity found in animals

with normally functioning Na
+
channels. However, this

is not true for all the cell types that contribute to wound

healing. While Cooper and Schliwa (1985) found that

epidermal cells isolated from fish scales migrate toward

the cathode in field strengths ranging from 50 to 1 500

mV/mm, Muncy and Robinson (unpub.; discussed by

K. R. Robinson, 1985) observed significant numbers of

epidermal cells isolated from Xenopus larval skin migrat-

ing to the anode, as well as toward the cathode. Fibro-

blasts (from embryonic quail somites) migrate toward

the cathode, even (in half the trials) at field strengths as

low as 1 mV/mm (Nuccitelli and Erickson, 1984; Erick-

son and Nuccitelli, 1984). On the other hand, macro-

phages may well migrate toward the anode (Dineur,

1892; Orida and Feldman, 1982), as do leucocytes (Fu-

kushima et al.. 1953), although activated macrophages

apparently migrate preferentially to the cathode (Dineur,

1892).

Therefore, in comparing newt wound healing under

normal and reversed-field conditions, one might expect

that epithelization could occur in both situations, if the

Xenopus observations cited above hold in this instance.

On the other hand, the expectation would be that fibro-

blast migration into the wound to produce connective

tissue should (if quails may serve as a model) be en-

hanced in normal wound fields, but impaired in fields

that are reversed. Leucocytes and unactivated macro-

phages should be caused to migrate away from the

wound region under normal conditions, but the migra-

tion of activated macrophages into the wound region

should be promoted, if the observations described above

apply to newts.

Epithelization is perhaps the most readily studied as-

pect of wound healing, and there are observations with

amphibians that suggest that this process is promoted by

wound fields: when the skin's generation of a TEP is im-

paired, either by Na
+
channel blocking (L. R. Robinson,

1985; Stump and K. R. Robinson, 1986; Rajnicek et al.,

1988), or by inhibition of Na+
transport with ouabain

and by substitution of choline for Na +
(Stump and K. R.

Robinson, 1986; Rajnicek et al.. 1988), epithelization is

impaired. Stump and K. R. Robinson (1986) have, in

addition, carried out early experiments in "rescuing"

wound healing in diminished-current Xenopus neurulae

by injecting current via a microelectrode.

However, measurements of lateral wound potentials

were not made in any of these experiments, although

Rajnicek et al. confirmed that blocking Na
+
channels of

the epidermis of their wounded neurulae with 10 nM
amiloride decreased the normal TEP by 70%, and re-

sulted in a 70% decrease in their wound currents. In L. R.

Robinson's experiments (1985), wound currents were

measured and used as an index of healing: as the epider-

mis covers the wound, it impedes the flow of current

(McGinnis and Vanable, 1986a). In these experiments,

APW that was 0.5 mM in Ca++ was used, and wound
currents of reversed direction were observed when Na+

channels were blocked with benzamil. Therefore, the

TEPs and lateral wound potentials would also have been

reversed under these conditions. However, it is likely

that, with 0.5 mA/ Ca++
in the APW, the magnitude of

the reversed TEPs and the lateral wound potentials

would not have been as great as in the present series of

measurements with 0. 1 mM Ca + APW. These experi-

ments must be extended by modulating TEPs so that

they range from strongly positive (for instance, with in-

creased Na + and Ca + +
, and with salts in which nonper-

meant gluconate ion is substituted for CT) through

strongly negative (for instance, by increasing the Cl~ with

greater than 1.5 mA/NaCl while still blocking Na
+
chan-

nels). It should also be possible to modulate TEPs, and

therefore also the lateral wound potentials and healing

rates, with current injected from an external source. By

examining the rate of wound healing under these condi-

tions of strong normal and reversed fields, as well as with

fields whose strengths are close to zero, it should be possi-
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hie to clarify the role of electrical fields and their polarity

in the process of wound healing. It is also important to

initiate studies of the behavior of cultured newt cells

when fields are imposed on them, particularly epidermal

cells and fibroblasts, since they are so crucial for wound

repair. Knowing this behavior will be essential for prop-

erly interpreting the effect of modulating /;; vivo wound
fields on wound healing.

Understanding mammalian wound healing must be

one of the ultimate goals of this research. The data pro-

vided by Barker ct at. (1982) are a good beginning, but

differences in mammalian skin circuitry (discussed in

Vanable, 1989) raise the question of which direction

mammalian epidermal cells should migrate in an im-

posed field. Since the lateral fields measured by Barker el

al. were on the return leg of the current path, their polar-

ity is opposite to that measured in the newts (Jaffe and

Vanable, 1984; Vanable, 1989). Therefore, it is of con-

siderable interest to examine the behavior of cultured

mammalian epidermal cells in imposed fields, as well as

to examine mammalian wound healing with modulation

of their lateral wound fields /'// vivo.

The fruit of these endeavors, in addition to clarifying

our understanding of aspects of cell and developmental

biology, should be the development of a rationale for the

existing but little-used clinical protocols for the promo-
tion of wound healing by supplying steady direct cur-

rents to these wounds. With a more solid footing, the po-

tential exists for improving these procedures and their

acceptance by clinicians.
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